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ABSTRACT 
The remnant life monitoring of creep loaded high temperature and 
pressure components in power stations is critical to ensuring their safe 
and cost effective operation as failures can have severe consequences.  
Effective creep life condition monitoring allows for optimising component 
life predictions and subsequent plant maintenance decisions.  In South 
Africa many power generation stations have been in operation well beyond 
their 30 year design service life, as such knowledge of the remnant creep 
life of high temperature and pressure components, such as steam 
pipelines, becomes of utmost importance.  Techniques for the remnant 
creep life assessments of critical high temperature and pressure 
components must therefore be as effective as possible.  The common and 
well accepted in-situ inspection technique for assessing creep damage in 
steam pipes is by the metallographic replication technique.  The technique 
is however limited to the outer surface of the pipe, without information on 
damage within the wall.  This research will illustrate a means of obtaining 
a sample for creep life analysis with depth through the wall of a pipe, as 
wells as an alternative technique for the repair of the sample retrieval site. 
A sample retrieval technique was developed that would retrieve a small 
diameter cylindrical sample from a cored blind hole for creep analysis by 
visual creep void assessment or by the small punch creep test.  The small 
punch creep test requires only a small diameter thin disc of material for 
testing for which its results are comparable with conventional uniaxial 
creep testing which requires a much larger sample of material.  The 
smaller sample requirement of the small punch creep test therefore allows 
for a vastly reduced invasive sample retrieval operation and consequently 
smaller repair size area.  Also the fact that the sample is retrieved from a 
blind hole is advantageous since the pipe wall is not penetrated which 
would require full plant shutdown. 
A friction welding technique was identified as an alternative to traditional 
arc fusion welding for the repair of the sample retrieval site, this technique 
being the Friction Hydro Pillar Processing technique.  Friction Hydro Pillar 
  
Processing is a solid-state welding technique and as such has a number 
of inherent benefits over arc fusion welding as the weld is performed 
below the melting temperature of the material.  From a process point of 
view Friction Hydro Pillar Processing is ideally suited for automation, has 
virtually no fumes generated, minimal distortion is experienced and no 
spatter has to be removed afterwards.  The technique has yet to see 
industrial application and as such development of suitable process 
parameters was undertaken. 
Finally, to apply the sample retrieval and repair operations in-situ to a 
steam pipe in a power plant suitable equipment was developed.  Existing 
friction welding equipment is generally bulky workshop based equipment 
and is unsuitable for on-site work due to its size and weight.  Therefore 
development of dedicated equipment was required to enable Friction 
Hydro Pillar Processing to be applied to steam pipes within a power plant 
environment. 
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GLOSSARY OF TERMS 
A 
alloying element.  An element added to and remaining in metal that 
changes its structure and properties. 
B 
bending stress.  If a beam is subjected to a bending moment the fibres in 
the upper part are extended and those in the lower part are compressed.  
Tensile and compressive stresses are thereby induced which vary from 
zero at the neutral axis of the beam to a maximum at the outer fibres.  
These stresses are called bending stresses (MPa). 
braking phase.  That portion of the welding cycle during which the external 
brake is applied. 
braking rate.  The reduction in speed vs. time during the braking phase. 
braking time.  The duration of the braking phase. 
burn-off.  See upset. 
C 
consumable tool.  This is the tool used in specific friction welding 
processes that is rotated against a workpiece or inside a hole.  The tool 
material is deposited and bonds to the parent material.  Also referred to as 
the plugging tool or mechtrode in the FHPP and FTSW processes. 
continuous-drive friction welding.  See direct-drive friction welding. 
cooling dwell.  The time from the cessation of relative motion until the 
forge force is released, during which time the weld cools. 
Glossary of Terms   
 
 xvi 
creep.  When a material is loaded statically below the yield stress point for 
a long period of time at elevated temperatures, the temperature impact 
may incur plastic deformation within the material leading to micro cracks, 
after which failure may occur.  Creep is therefore high temperature 
progressive deformation at constant stress 
D 
direct-drive friction welding.  A variation of friction welding in which the 
energy required to make the weld is supplied to the welding machine 
through a direct drive motor connection for a preset period of the welding 
cycle. 
down or axial force.  The force applied to the FRW tool during the welding 
process in the direction of the axis of rotation of the tool.  Also referred to 
as the z direction force or z-force. 
E 
exit hole (key hole).  A hole left at the end of the weld of a friction stir weld 
when the tool is withdrawn, which can be filled by FHPP/FTSW processes. 
 
F 
fatigue.  A phenomenon that results in the sudden fracture of a component 
after a period of cyclic loading in the elastic regime of the material. 
fatigue life.  The number of load cycles a component can withstand prior to 
failure. 
faying surface.  The mating surface of a member that is in contact with 
another member to which it is to be joined. 
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 xvii 
first friction force.  The compressive force applied to the faying surfaces 
during the first friction phase. 
first friction phase.  An optional application of a preset friction welding 
force at the beginning of the welding cycle. 
flash.  The material that is displaced from the friction weld interface.  See 
also ‘ weld flash’ . 
forge.  The plastic deformation of metals, usually at elevated 
temperatures, into desired shapes by compressive force. 
forge force.  A compressive force applied to the faying surfaces after the 
friction phase of the welding cycle is completed. 
forge phase.  The portion of the friction welding cycle during which the 
forge force is applied to the faying surfaces. 
friction force.  The compressive force applied to the faying surfaces during 
the friction phase. 
friction hydro pillar processing (FHPP).  A solid state welding process used 
to join similar or dissimilar material by rotating a consumable rod co-axially 
in a parallel sided cavity whilst under an applied load so as to generate a 
plasticised layer thereby forming a bond. 
friction phase.  The portion of the friction welding cycle during which the 
heat necessary for welding is generated by relative motion and the 
application of a friction force at the faying surface.  Friction phase is 
comprised of both first (if used) and second friction. 
friction speed.  The relative velocity of the workpieces during the friction 
phase.  Usually expressed as the linear peripheral velocity (m/s) but can 
also be in terms of revolutions (rpm).  Also referred to as the welding 
speed 
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 xviii 
friction stir welding (FSW).  A variation of friction welding that produces a 
weld between two butting workpieces by the friction heating and plastic 
material displacement caused by a high-speed rotating tool transversing 
along the weld joint. 
friction surfacing.  Surfacing or deposition cladding in which the principle of 
friction welding is used to deposit material. 
friction taper stud welding (FTSW).  A solid state welding process used to 
join similar or dissimilar material by rotating a tapered consumable rod co-
axially in a taper-sided cavity, of equal or slightly larger included angle 
than the tool, whilst under an applied load so as to generate a plasticised 
layer thereby forming a bond. 
friction welding (FRW).  A solid-state joining process that produces 
coalescence of materials under compressive force contact of workpieces 
rotating or moving relative to one another to produce heat and plastically 
displaced material from the faying surfaces. 
H 
hardness.  A term used for describing the resistance of a material to 
plastic deformation under the action of an indenter. 
hardening.  Increasing hardness by suitable treatment, for example cold 
working. 
heat affected zone (HAZ).  The portion of the base material whose 
mechanical properties or microstructure have been altered by the heat. 
homogeneous.  A chemical composition and physical state of any physical 
small portion being the same as those of any other portion. 
Glossary of Terms   
 
 xix 
hydrostatic pressure.  The application of liquid pressure directly to an area 
which has been sealed, e.g. in a plastic bag.  It is characterized by equal 
pressure in all directions. 
I 
incremental steps.  Refers to the small amount of movement during 
positioning or control of a process or part thereof. 
inertia friction welding.  A variation of friction welding in which the energy 
required to make the weld is supplied by the stored rotational kinetic 
energy of the welding machine. 
M 
macrograph.  A graphic reproduction of a prepared surface of a specimen 
at a magnification not exceeding 10x. 
macrostructure.  The structure of metals as revealed by macroscopic 
examination of the etched surface of a polished specimen. 
microstructure.  The structure of a prepared surface of a metal as revealed 
by a microscope at a magnification exceeding 10x. 
P 
parameter.  The minimum and maximum parameters will describe the 
operating range of a variable. 
parent material.  Pertains to material in its as manufactured form and 
condition. 
plastic deformation.  Deformation that remains or will remain permanent 
after release of the stress that caused it. 
plasticity.  Capacity of a metal to deform non-elastically without separation. 
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Q 
quantitative.  Identification of relative amounts making up a sample. 
R 
range.  In welding terms this is the limit of the input parameter variations 
(independent) settings, controllable or measurable, that a welding system 
can support. 
re-crystallization.  A change from one crystal structure to another, such as 
that occurring upon heating or cooling through a critical temperature. 
residual stress.  Stresses inherent in a component prior to service loading 
conditions (MPa).  Residual stresses can be characterized by the scale at 
which they exist within a material.  Stresses that occur over long distances 
within a material are referred to as macro-stresses.  Stresses that exist 
only locally (either between grains or inside a grain) are called micro-
stresses 
S 
second friction force.  The compressive force applied during the second 
friction phase. 
second friction phase.  The portion of the friction welding cycle which, in 
conjunction with the first friction phase, comprises the friction phase.  This 
term has meaning only when the optional first friction stage is used. 
solid-phase.  A physically homogeneous and distinct portion (grain) of a 
material system in the solid state. 
solid state welding.  A group of welding processes which produce 
coalescence at temperatures essentially below the melting point of the 
materials being joined. 
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spindle torque.  The spindle torque required to rotate the FRW tool when 
plunging into and traversing through the workpiece along the joint (Nm). 
surface velocity.  The angular velocity measured at the outer periphery of 
the faying surfaces. 
spindle speed.  The speed of the tool holding device (chuck), measured in 
revolutions per minute (rpm). 
sub-surface.  A location just beneath the surface of a component. 
T 
tempering. Is a heat treatment process whereby reheating hardened steel 
to some temperature below the eutectoid temperature a decrease in 
hardness and/or increase toughness is achieved. 
tensile strength (UTS-ultimate tensile strength).  The maximum load in 
tension which a material will stand prior to fracture.  For ductile iron UTS is 
in the range of 414 [MPa] to 1380 [MPa]. 
AreaSectionalCrossOriginal
LoadMaximumUTS =  
thermo-mechanical affected zone.  The portion of the base metal whose 
mechanical properties or microstructure have been altered by the heat and 
force application after the friction welding process. 
third-body region.  Area where re-crystallization took place of the parent 
and/or filler metal due to the plastic flow of material during a weld.  This 
region contains the weld nugget within the TMAZ. 
tool rotation speed.  This is the rotary speed of the tool.  This can be 
quoted as rotation speed (rev/min), peripheral velocity (m/s), or angular 
velocity (rad/s). 
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toughness.  In tool steels, this property expresses ability to sustain shocks, 
suddenly applied loads and relieved loads, or major impacts without 
breaking. 
U 
unaffected material.  The bulk of the material which is not affected by 
either heat or deformation during welding. 
unit force.  The compressive force applied to the faying surfaces divided 
by the area of the faying surfaces. 
upset.  Bulk deformation resulting from the application of pressure in 
friction welding.  Is measured as a percent increase in interface area or as 
a reduction in length. 
upset distance.  The total loss of axial length of the workpieces from the 
initial contact to the completion of the weld.  Can be separated into the 
upset during friction phase, friction upset; and the upset during the forge 
phase, forge upset. 
V 
viscosity.  The resistance of a fluid to shear forces, and hence to flow.  
Such shear resistance is proportional to the relative velocity between the 
two surfaces on either side of a layer of fluid, the area in shear, the 
coefficient of viscosity of the fluid and the reciprocal of the thickness of the 
layer of fluid. 
void.  The space that exist between particles or grains.  In terms of welding 
voids are undesirable as they are associated with defects such as 
incomplete penetration and lack of fusion. 
W 
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weld flash.  The material that is displaced from the friction weld interface. 
weld interface.  The interface between filler material and base material in a 
solid state weld. 
weld nugget.  The re-crystallised central area of the Thermo-Mechanically 
Affected Zone (TMAZ). 
weld power.  Rate at which work is being done during the weld: 
60
)()(2 NmTorqueSpindleRPMSpeedSpindlePowerWeld ××= π  [Nm/s] 
work piece.  The substrate or component to be welded. 
X 
x-axis.  Relating to a specific axis (Horizontal) or a fixed line determining 
the direction of movement or placement in a 2D or 3D coordinate system. 
Y 
y-axis.  Relating to a specific axis (perpendicular to x-axis) or a fixed line 
determining the direction of movement or placement in a 2D or 3D 
coordinate system. 
Z 
z-axis.  Relating to a specific axis (vertical) or a fixed line determining the 
direction of movement or placement in a 2D or 3D coordinate system. 
z-force.  See down force. 
 
 
 
(Note:  For other definitions and nomenclature please see text.) 
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CHAPTER 1 PROJECT DESCRIPTION 
1.1 Introduction 
The critical life monitoring, life prediction and maintenance management of 
power stations and petrochemical facilities is of paramount importance in 
ensuring their safe and cost effective operation.  Failures can have severe 
consequences in terms of repair costs, reduced revenue, loss of public 
confidence and most importantly, injury and fatalities.  Economic 
considerations are pressuring operators to extend the operating lives of 
their fossil fuel power plants to enable a plant to continue operation.  To 
achieve this, regular assessments have to be made of the residual life 
remaining in critical components.  In South Africa many power generation 
stations are now in operation well beyond their 30 year project life where 
knowledge of the remnant life of high risk components such as steam 
pipelines becomes, as stated, of utmost importance.  By implementing 
condition monitoring of these components catastrophic failures can be 
avoided and the operating life of the components can be safely extended 
for more cost effective plant management. 
The life expectancy of steam pipes in power stations is primarily governed 
by the steady-state creep rate of the pipe material and so knowledge of 
this in-service creep behaviour and condition is required for the safe, long-
term operation of a power plant[1,2,3].  A common in-situ component 
inspection technique for assessing creep damage in steam pipes of South 
African power plants[3] is by the metallographic replication technique[4,5].  
This technique represents a well accepted on-site method for the condition 
monitoring of creep exposed components.  Replication provides the 
metallurgical engineer a two-dimensional view of the microstructure, 
similar to that observed in a laboratory metallographic specimen.  However 
the limiting feature of the analysis is that it is of the outer surface only, 
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without information on damage within the wall[1].  Another method of creep 
monitoring used in South African power plants is by high temperature 
capacitive strain gauges which are used to measure the creep strain over 
a period of time, i.e. the critical creep damage stage.  This method is a 
higher cost method which relies on more time to assess the creep 
behaviour of a component.  Ideally a technique should be used that can 
give results in a shorter time and that will allow creep assessment by 
depth to fully characterise the creep damage through the wall of the pipe. 
Conventional uniaxial creep testing[6] would not be the solution as a large 
sized sample would have to be removed from the pipe for creep analysis, 
generally in the order of 50-100mm in length and upwards of 10mm in 
diameter[6].  This would in probability require the pipe wall to be fully 
penetrated and in most cases a sample this size could not feasibly be 
extracted.  It would entail a complete shutdown of that steam pipeline 
which would allow for the possible contamination of the pipeline.  Another 
drawback to the technique is that the subsequent repair of a through wall 
hole to fully restore the pipe integrity is difficult to achieve with fusion 
welding techniques.  Hole repair is done by inserting a plug into the hole 
and fusion welding this in place at the pipe surface which does not fully 
restore the structural integrity of the pipe.  Overcoming these problems will 
require an alternative technique for creep sample retrieval and site repair 
to enable through wall creep condition assessment of steam pipes and 
other thick-walled HTP components. 
There is an alternative creep test that requires a much smaller sample of 
material for testing when compared to the standard uniaxial creep test, it 
also provides results in a shorter time.  This creep test is the miniaturised 
small punch (SP) creep test technique[7,8].  This test uses a thin disc 
approximately 0.5mm thick and 8mm in diameter for creep testing.  
Therefore less invasive sample retrieval can be employed as now a 
relatively small sample is required to be retrieved for testing.  If a 
cylindrical core is retrieved from a pipe wall, discs can be taken from the 
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core for analysis which would provide creep data across the pipe wall, i.e. 
creep condition data with depth. 
A further advantage of the SP creep test is that the removal of a cylindrical 
core sample would not require full penetration of the wall of the pipe.  A 
method of extracting the cored sample would be required but the resultant 
blind hole would be easier to repair, also allowing for the possibility of 
alternative techniques to be employed to affect the repair.  Another major 
advantage of a blind hole would be that the pipeline does not require full 
shut down. 
As opposed to using a traditional arc fusion weld for the hole repair a 
friction welding (FRW) technique has been identified that could be used for 
the repair of the blind hole.  This technique is the Friction Hydro Pillar 
Processing (FHPP) technique[9,10].  This is a solid state welding process 
meaning the material is plasticised below the melting point of the material.  
FHPP was invented and patented by TWI (World Centre for Materials 
Joining Technology) in the UK in the early 1990’ s, but has found limited 
industrial application up to now.  It was developed to either join similar or 
dissimilar materials, or repair surface voids.  It is a novel welding 
technique that involves rotating a consumable rod co-axially in a cavity 
whilst under an applied axial load so as to generate plasticised layers due 
to the frictional heating.  The depositing material forms a metallurgical 
bond between the processed tool material and the hole walls.  Due to the 
lower temperatures involved a very narrow heat affected zone (HAZ) 
results.  This limits the volume of potentially hard and brittle microstructure 
with its associated problems such as hydrogen embrittlement.  The 
completed weldment exhibits a very fine homogeneous microstructure, a 
feature that is conducive to good impact toughness properties.  From a 
process point of view it is ideally suited for automation, virtually no fumes 
are generated, minimal distortion experienced and no spatter has to be 
removed afterwards.  The limitations of the process are mainly as a result 
of the process still being developed to its full potential and from a practical 
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point of view employing the process to effect in-situ hole repair is 
challenging as the required equipment does not exist.  Existing FRW 
welding equipment is generally bulky workshop based equipment and is 
unsuitable for on-site work due to its size and weight.  Therefore 
development of dedicated equipment is required to enable the FHPP 
process to be applied to steam pipes within a power plant environment. 
To summarise; this project originated as a direct result of the need to 
provide samples for analysis by the SP creep test technique and to repair 
the structural integrity of the component in the sample removal area. 
1.2 Defining the Problem 
This project has three distinct components that must be developed in order 
to successfully contribute to an alternative creep monitoring technique. 
Firstly, a method must be developed for the retrieval of creep samples 
from thick walled components, such as steam pipes, that are used in 
power generation industry.  The removed sample must be suitable for 
analysis by the miniaturised small punch creep test and will be performed 
in-situ on in-service steam lines.  A further requirement here is that the 
cored sample must be removed without fully penetrating the wall of the 
component. 
Secondly, the repair of the subsequent hole must be carried out by the 
application of the FHPP friction welding process.  To enable this to be 
possible dedicated equipment will require development as no commercial 
equipment is currently suitable.  The equipment must be capable of 
carrying out the core retrieval and friction repair procedures. 
Thirdly, suitable process parameters must be defined that will produce a 
fully bonded FHPP weld.  The repair must restore the structural integrity of 
the pipe wall to an acceptable standard.  TWI undertook a prior feasibility 
study[11] to assess the suitability of FHPP for the repair of holes in high 
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temperature creep resistant steels.  This study will form the basis for the 
development of the process parameter specification. 
1.2.1 Sub-problem 1 (Development of Equipment) 
The necessary equipment must be developed that will be able to perform 
the coring/core removal and FHPP hole plugging operations.  The 
equipment must be of a portable nature and must be as lightweight and 
manoeuvrable as possible to allow access to difficult to reach areas of 
power plant stations.  The purpose of the equipment is twofold; it must 
also be able to perform drilling/coring as well as friction welding 
operations.  This entails being able to operate with low force feed rate 
controlled capability for the coring operation and with high force position 
control capability for the friction welding operation.  The equipment will be 
required to be fully automated with speed, position and force control 
capability in order to perform repeatable weld repairs.  The equipment 
must be able to be mounted and secured to a pipeline in any orientation 
and be capable of operation in an environment with a high ambient 
temperature. 
1.2.2 Sub-problem 2 (Coring and Core Retrieval Procedure) 
Development of a technique for the retrieval of a cylindrical cored sample 
from a thick walled steel steam pipeline.  The technique must involve 
being able to perform a core cutting operation that will result in a circular 
hole with a core of original pipe material remaining at the centre.  Suitable 
cutters will have to be developed that can perform this cutting operation.  
Customised cutters will be required as no commercially available cutters 
exist.  A technique will then have to be developed to allow for the removal 
of the cylindrical core without damaging the core. 
1.2.3 Sub-problem 3 (Defining Parameters for Hole Plugging) 
Define suitable welding parameters for hole plugging by the FHPP 
process.  The results of the feasibility study[11] carried out by TWI will be 
used as the basis for the design of the equipment as well as initial 
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parameters for performing FHPP welds in 10CrMo910 steel.  Weld 
assessment will be undertaken with a combination of visual and 
metallographic examination and mechanical testing procedures to define 
suitable welding parameters.  Finally, a weld procedure specification 
(WPS) will require development for carrying out the FHPP repair welds on 
10CrMo910 thick walled steel components. 
1.2.4 Sub-problem 5 (Conclusion) 
Finally the project outcome must be clearly summarized by means of a 
detailed discussion, conclusion and future recommendations. 
1.3 The Hypothesis Statement 
The processes developed by this project will provide a method of creep 
sample retrieval and an alternative repair technique of the retrieval 
location.  The samples are for analysis by the miniaturised small punch 
creep test.  These samples will improve the creep condition monitoring of 
thick walled components by providing creep assessment in a shorter time 
as well as creep assessment with depth. 
1.4 Significance of the Research Project 
There are a number of benefits that will arise from the research conducted 
by this project.  The major benefit of this research though is that it will 
contribute to an improved remnant life monitoring system of critical high 
risk components.  It will do this by providing a cost and time effective 
system of on-line, in situ creep damage condition monitoring of high risk 
components used in the power generation industry.  The possibility of 
making use of the SP creep test that will contribute to remnant life 
monitoring relies on obtaining suitable samples for analysis, which this 
research will provide. 
Of further significance is that the research will result in the physical output 
of specialised equipment that will be developed in order to achieve the 
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retrieval and repair procedure.  This equipment should show that the 
application of the FHPP is feasible in a portable format and is not merely 
restricted to a fixed workshop environment.  This benefit should not be 
underestimated as the application of the FHPP process to an industrial 
application is yet to be fully demonstrated.  This equipment could open up 
new possible applications of FHPP as an industrially applicable joining, 
repair or fabrication technique. 
1.5 Discussion 
The objective of this research is to provide an effective technique for the 
retrieval of creep samples as well as an effective repair technique for the 
voids left by the sample removal. 
To achieve the contribution to this end it must provide a technique for the 
retrieval of samples which will give the ability to assess creep damage 
through the thickness of a component, specifically a wall of a pipe.  It must 
further provide an effective repair technique of the components where the 
samples are removed.  This retrieval and repair procedure must not be a 
time consuming procedure as when coupled with the SP creep test it must 
be able to provide creep data results in a shortened time period.  
Ultimately it is hoped that it will make it feasible to obtain creep data for a 
component before the end of a planned shutdown period.  In so doing it 
will allow for the possibility of replacement of the component in that same 
shutdown period, without having to schedule another shutdown to affect 
the repair, thus contributing to cost effective plant management. 
It is important to note that the procedures developed by this research will 
not be restricted to our locally power utility in South Africa, or to the power 
generation industry alone, but will be applicable internationally to any 
industry making use of high temperature components. 
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CHAPTER 2 OVERVIEW OF RELATED LITERATURE 
This research project arose due to the need of a unique solution to an 
industrial application.  To form the best possible solutions to achieving this 
industrial application a clear understanding of the relevant related fields must 
be established.  These fields being specifically creep damage monitoring and 
friction welding, specifically Friction Hydro Pillar Processing (FHPP). 
In terms of creep monitoring, a general understanding of how this research 
will fit into the existing condition monitoring systems used by power utilities, 
such as South Africa’s ESKOM, must be gained.  This will be done by briefly 
detailing the commonly used creep monitoring techniques for the remnant life 
condition monitoring of critical High Temperature and Pressure (HTP) plant 
systems. 
Secondly, since the basis of the overall success of this research relies on the 
successful implementation of the FHPP to affect hole repairs, an attempt will 
be made to gain an understanding of the FHPP process.  This proved to be 
problematic as the existence of published work relating to FHPP was found 
to be limited at best. 
In an attempt to overcome the limited data available with regards to FHPP 
process a brief study of general friction welding principles will also be 
conducted.  It is assumed that these principles can be applied to the FHPP 
process. 
2.1 Life Assessment of High Temperature Pressure Components 
Steam pressure loaded, high temperature (HTP) components in power plants 
have a high damage potential due to the degrading of their mechanical 
properties during long term operation.  The primary mechanism of failure for 
these HTP components is by creep induced damage[1].  Bulk damage from 
creep deformation typically occurs by the nucleation and growth of voids.  
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Internal voids first nucleate during creep deformation and then grow[4], 
eventually leading to complete failure. 
Lifetime assessment and condition monitoring of these components is 
therefore of high importance to their safe and long term operation[1,2].  
Economically life assessment is vital to the cost effective production of 
electricity by allowing optimum maintenance strategies[3] to fully utilise plant 
component life and not replace components based on their design life.  Often 
the design life of a component is exceeded by the useful life due to 
operational and metallurgical factors[12,13,14].  Importantly, components can be 
identified which have reached the end of their useful life and can thus be 
replaced in time to avoid costly failures. 
2.1.1 Creep 
Creep can be defined as a form of plastic deformation that takes place over 
time in steel that is held for extended periods at high temperature.  At an 
elevated temperature and under a constant load the material continues to 
deform at a slow rate.  This behaviour is called creep[15,16]. 
From room temperature up to a certain temperature the design stresses are 
based on the proof strength of the material since the material develops the 
full strain they will exhibit as soon as a load is applied.  At elevated 
temperature, the more temperature dependent creep strength will determine 
the design stress values. 
The rate of creep is highly dependent on both stress and temperature.  At 
room temperature or lower creep can usually be ignored.  As temperature 
rises creep becomes progressively more important and eventually 
supersedes fatigue as the likely criterion for failure.  The temperature at 
which creep becomes important will vary with the material.  For safe 
operation, the total deformation due to creep must be well below the strain at 
which failure occurs.  This can be done by staying well below the creep limit, 
which is defined as the stress to which a material can be subjected without 
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the creep exceeding a specified amount after a given time at the operating 
temperature. 
Creep rate of a material is measured by a standard uniaxial creep test[6,17], 
where measuring of the creep rate occurring at stresses well below the 
fatigue failure strength[6] is done.  The test determines a strain-time curve 
under constant tensile load and at constant temperature.  The slope of the 
curve during stage II, identified in Figure 2.1, is the creep rate of the material. 
 
Figure 2.1: Creep Stages[16] 
Primary creep, Stage I, is a period of decreasing creep rate.  During this 
period deformation takes place and the resistance to creep increases until 
stage II, secondary creep.  This is a period of roughly constant creep rate 
and is referred to as steady state creep.  Tertiary creep, Stage III, occurs 
when there is a reduction in cross sectional area due to necking or effective 
reduction in area due to internal void formation. 
2.1.2 Creep Testing 
Creep test methods cover the determination of the amount of deformation as 
a function of time (creep test) and the measurement of the time for fracture to 
occur when sufficient force is present (rupture strength test) in materials 
when under constant tensile forces at elevated temperatures.  A further creep 
characteristic of a material that is of interest is creep crack growth rates. 
Rupture tests provide a measure of the ultimate load-carrying ability of a 
material as a function of time.  Creep tests measure the load-carrying ability 
for limited deformations.  The two tests define the load-carrying ability of a 
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material.  In selecting material and designing parts for service at elevated 
temperatures, the type of test data used will depend on the criterion of load-
carrying ability which best defines the service usefulness of the material[6]. 
The quantity used in design of structures working at elevated temperatures, 
is creep strength.  Creep strength is a stress which causes a definite creep 
strain after a specified period of time at a given temperature, usually 1% and 
is much lower, than the tensile strength.  If a large amount of deformation is 
tolerated rupture strength is used in design.  Rupture strength is a stress 
which causes a fracture of a metal after a specified period of time at a given 
temperature.  Figure 2.2 shows a typical graph of results for a stress rupture 
test for 10CrMo910 creep resistant steel. 
Knowledge of the Creep Rupture Strength is important as the engineering 
design of a power plant is usually based on the ability to support a stress of 
100 MPa for 105 hours at the service temperature[18]. 
 
Figure 2.2:  Creep Rupture stress data for 2.25Cr-1Mo[18] 
Creep Crack Growth Rate is a test method[19] described by ASTM 1457-00.  
It is the determination of creep crack growth rates in metals at elevated 
temperature when subjected to static loading conditions and indicates the 
resistance of a material to crack growth under extensive creep deformation.  
In terms of creep monitoring the characteristic of creep crack growth rate of a 
material is important in the formation of life prediction models. 
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2.1.3 Life Assessment Methodologies 
High temperature and pressure (HTP) components are designed to codes 
that specify an intended life by specifying the allowable stress for a structure.  
It could be said that the plant will give reliable service up to the design life 
however this is not strictly true as many plants operate well beyond their 
designed service life.  Therefore there are two distinct parts to ‘service life’.  
The first is the original design life and the second is the safe economic life[13].  
The latter is outside of the design codes but is often a percentage of the 
overall life.  In order to make fully optimised use of the overall life of these 
components accurate remnant life estimates are of vital importance.  These 
estimates can only be made with satisfactory accuracy by gaining knowledge 
of the creep condition of plant components by effective monitoring 
techniques. 
There seems to be two life assessment methodologies[12,13,14]: 
I. Methods involving acquisition and monitoring of operational parameters 
combined with standard materials data to perform life prediction, i.e. 
operational condition monitoring approach.  The recorded operating 
condition combined with standard creep rupture data, inverse design 
stress calculations and damage summation rules produce a preliminary 
remnant life estimate.  This approach is conservative in nature and 
therefore does not provide the best estimate on which to base life 
extension or replacement decisions but does allow for identifying 
components or areas that require more rigorous monitoring techniques. 
II. Inspection methods which involve post-service creep testing and 
evaluation which give direct assessment of the extent of the damage 
experienced by the component under test, i.e. post service assessment 
approach.  These methods obviously require direct access to the 
components for sampling and measurement and offer more accurate 
assessments than the operational conditions monitoring approach.  The 
evaluation methods used may be destructive and/or non-destructive in 
nature and are creep and rupture testing, microstructural degradation 
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assessment techniques and methods based on component strain 
measurement. 
Monitoring is not an alternative method to inspection techniques, therefore in 
practice a combination of the two approaches would be utilised to allow for 
improved accuracy in the remnant life estimation process for component life 
management[14]. 
2.1.4 Creep Life Monitoring Techniques 
To monitor the creep condition of HTP components in-service the standard 
laboratory creep test is not a viable option.  The standard uniaxial creep test 
requires a long test time and a relatively large sample which entails complex 
and costly sample removal procedures.  This effectively classifies this 
technique as a destructive assessment method, therefore preventing its 
application as an in-service[20] monitoring technique..  Another drawback is 
that the removal of suitably sized samples from certain HTP components can 
be problematic.  The subsequent repair may be difficult to affect; it may also 
be too costly; or be too time consuming to be done during a scheduled 
shutdown period[7].  Therefore to effectively conduct life assessment of in-
service components less invasive NDE techniques are highly desirable.  
Also, techniques that allow on-line monitoring of systems for creep are vital to 
performing effective plant monitoring.  The NDE techniques in common use 
by the power generation industry for creep assessment and monitoring are 
by the Metallographic Replication and Strain Measuring techniques. 
2.1.4.1 Replication Technique 
Metallographic replication is the most common in-situ inspection method for 
creep damage monitoring in power plant piping systems and steam 
boilers[1,4].  It is a NDE technique that allows creep assessment of a 
component without the need to cut sections from the component and is ideal 
for assessing the in-service degradation of critical component[21].  This form 
of non-destructive testing has been in use for several decades, and is 
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designated by ASTM E 1351 as the Standard Practice for Production and 
Evaluation of Field Metallographic Replicas[5]. 
Replication provides the metallurgical engineer with a two-dimensional view 
of the surface microstructure.  It allows examination of microstructural creep 
void damage by void size measurement and void density counting.  Void 
sizes of approximately 0.1µm can be measured if the replica is viewed by 
SEM[22].  Figure 2.3 shows a typical magnified replica image where creep 
voids are visible. 
 
Figure 2.3:  Typical microstructural image obtained by Replica Technique[3] 
Producing a replica[23] requires the inspection area to be polished and then 
etched in a suitable medium.  Onto this etched surface, a sheet of acetate 
type film is placed and partially dissolved with a solvent.  The etched 
structure is imposed on the acetate film as a replica image.  The acetate is 
removed from the surface and secured to a glass microscope slide.  The 
sketch in Figure 2.4 graphically shows the replica principle. 
 
Figure 2.4:  Replica Testing Principle[23] 
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Observations of the replica are then made in the field where a portable 
microscope can be used to observe prepared metal surfaces and the quality 
of the replica.  The replicas are then further analysed in the laboratory using 
either laboratory light optical microscopes (LOM) or scanning electron 
microscopes (SEM). 
An advantage of the replica technique is the fact that life assessment can be 
done onsite within a few minutes after the replica has been taken[24].  From 
the replica assessment and classification of the micro structural damage can 
be done that can be directly correlated to life fractions[4]. 
Limiting features[1] of replica testing are the small inspection area and the 
limitation of analysis to the outer surface only, without information on damage 
within the wall.  Also, it is very important to differentiate between the artefacts 
and actual defects in the interpretation of the microstructure[25]. 
2.1.4.2 Creep Strain Measuring Method 
The strain increase in a component during operation at high temperature is 
an indication of creep damage[4,13,26,27].  By measurement of this strain 
behaviour critical components can be monitored with the data providing for 
remnant life prediction.  Strain measuring systems can be sub-divided into 
those done during routine shutdown periods at ambient temperature (Off-
load), and those performed during operation (On-line) of the plant[13]. 
Off-load measurement systems involve markers attached to the component 
surface which can be measured during off-load inspection periods.  This is a 
cost effective technique and typically the measurement accuracy will be ± 
0.025 mm[13].  However, the values are average related and the interpretation 
of strain measurements on components other than pipes or where 
deformations are high is difficult.  The Replica method can be used for off-
load strain measurement[4].  Two measuring marks are applied on the 
component surface and their separation is measured repeatedly by replica 
test and subsequent SEM evaluation.  Accuracy is reported to be in the 
range +0.2 %. 
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On-line strain monitoring is done by strain gauges and provides a continuous 
display of strain which gives a faster response allowing for monitoring in real 
time.  Figure 2.5 shows a typical strain gauge installation on a steam pipe. 
 
Figure 2.5:  Typical high temperature strain gauge installation[3] 
The two basic types of strain gauges used for high temperature static strain 
measurements are resistive strain gauges and capacitive strain gauges[28]. 
I. Resistive gauges are usually small units appropriately suited for 
dynamic strain measurements and relatively short-term static 
measurements but are unsuited for long-term measurements. 
II. Capacitive strain gauges are devices that measure changes in 
geometry and are best suited for measuring creep strains.  Creep 
strain measurement by capacitive gauges gives results of high 
resolution.  However, high costs and very local measurement are 
considerable disadvantages. 
Typically, creep strain monitoring by strain gauges is applied to components 
where creep has been identified, usually by void counts from metallographic 
replicas, and is approaching levels of concern[29].  There are also strain 
measurement techniques where strain measurements are achieved optically 
like SPICA[2] and ARCMAC[3]: 
• Speckle Image Correlation Analysis (SPICA)[2] involves making an 
optical ‘fingerprint’ of the surface of a component.  Successive images 
are recorded during service and compared by image correlation to 
determine the creep strain 
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• The ARCMAC[3] system is a passive system that consists of a strain 
gauge that is spot welded in position and then monitored by means of 
a digital camera.  The camera takes images of three silicon nitride 
balls embedded in the gauge to determines the change in strain 
2.1.4.3 Further NDE Methods 
There are a number of other NDE techniques which are in use, or have been 
proposed for use, in the power generation industry for creep assessment and 
monitoring.  These are briefly: 
• Non-contact precision Eddy Current displacement sensor[27] 
• Radiographic testing[30] 
• Hardness measurements[31] 
• Magnetic Barkahusen noise measurement technique[32] 
• Acoustic emission monitoring technique[33] 
• Magnetic hysteresis measurement technique[34] 
 
2.1.5 Small Punch Creep Test 
The Small Punch Creep (SPC) test forms an integral part of this work since, 
as stated in Chapter 1, this work aims to provide a means that will promote 
the use of the SPC test to assess creep damage in HTP components. 
The SPC test is used to acquire high-temperature creep data from small disk 
shaped test specimens[7,8,20,29,35], roughly 6 to 10mm in diameter and 0.5mm 
in thickness.  The test, also known as the miniaturized disk-bend creep test, 
involves deforming a supported disk-shaped test specimen with a spherical 
penetrator under constant load and at a set temperature.  Figure 2.6 shows 
the test apparatus.  The measured time dependence of the central deflection 
is closely related to the creep curves of conventional uniaxial creep 
tests[7,8,20,35].  Strictly speaking SPC is not a NDE method of creep testing as 
the removal of a sample is required.  However, the sample is of relatively 
small size when compared to the uniaxial creep test sample.  This makes 
sample retrieval and the repair of the retrieval site a more viable procedure. 
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Figure 2.6:  Schematic illustration of the small punch test apparatus[35] 
Existing studies[7,8,20,35] have already confirmed that there is a direct 
relationship between the SPC test load and the conventional uniaxial creep 
stress value which is independent of material and test conditions.  This 
relationship is represented in Figure 2.7.  The relationships between the SPC 
load and the Larson–Miller parameter (LMP); and the uniaxial creep strength 
and the LMP, are similar.   Therefore it is possible to obtain an equivalent 
uniaxial creep stress from the SPC test result because the SPC load and 
equivalent uniaxial creep stress both result in the same Larson–Miller 
parameter. 
 
Figure 2.7:  Relationship between SPC load result and uniaxial creep 
strength value by the Larson-Millar parameter[35] 
The key benefits of the SPC test are: 
Overview of Related Literature  Chapter 2 
19 
 
• Assessment accuracy is at a high level 
• Small size of test sample required 
• The mechanisms of deformation and failure in SPC tests are similar to 
established trends for standard uniaxial creep tests results and can be 
converted to the uniaxial creep results 
• Disc test results are reproducible and can accurately measure creep life 
• Very importantly the time required to perform a SPC test is significantly 
shorter than for a uniaxial creep test.  SPC results can be achieved in 
less than 200 hours and as little as 10 hours , whereas a uniaxial creep 
test typically takes a few thousand hours 
2.1.6 Creep Monitoring in South African Power Plants 
Eskom’s Power Stations have a nominal capacity of approximately 40 
Gigawatt.  Approximately 90% of these are coal fired power stations.  The 
average age of plant in steaming hours is in excess of 150 kilo hours [kh] 
with the highest operating hours approaching 240[kh][36]. 
Eskom has a base line and progressive inspection philosophy and policy, 
which forms an essential part of the life management system, with the 
accumulation of creep damage being monitored by utilising both off-load and 
on-line systems.  The base line inspection being completed before the 
nominal design life has expired ensures proper characterisation of plant and 
material behaviour.  This in turn paves the way for a more cost-effective 
probabilistic inspection strategy. 
A core creep assessment technology utilised by ESKOM is the 
metallographic replica technique supported by creep damage models.  
Nearly 60000 replicas on approximately 1500 components are taken, 
evaluated and archived each year.  The cumulative number of replicas 
archived over the last 25 years is rapidly approaching a million.  The taking of 
replicas is further enhanced by utilizing capacitive and passive strain gauges.  
Since 1998 ESKOM has installed over 200 capacitive strain gauges in its 
various power stations[36].  The on-line monitoring of these gauges has 
resulted in significant life extension of exhausted components allowing time 
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to source materials for replacement.  Additionally, in some instances the 
extensive field monitoring techniques are further supported by the monitoring 
of scaled down welded vessels in the laboratory. 
ESKOM has shown the economic benefits for managing plant life via the 
progressive inspection policy as the total cost for inspections and 
replacement of affected HTP components amounts to less than one percent 
of the total replacement[3] costs.  Only a few components need to be 
identified as concern areas and the nominal design life of 150[kh] has been 
safely and reliably extended well beyond 300[kh]. 
2.2 Friction Welding 
Friction welding (FW) is a solid-state welding process.  Bonding is achieved 
by the forcing of two components to rub against each other,  generating heat 
at the interface, softening the material and allowing it to flow together to 
initiate a bond.  The rubbing action is then terminated and the pressure is 
maintained or increased for a period of time to promote the solid phase 
bond[37,38,39,40,41].  The result is a highly effective bond over the whole joint 
area with a joint strength equal in strength to that of the parent metals. 
Technically, because it is a solid state process (no melt occurs) friction 
welding is not a welding process, but a forging technique.  However, due to 
the similarities between these techniques and traditional welding, the term 
has become common.  The weld produced is characterised by the absence 
of a fusion zone, a narrow heat-affected zone (HAZ), and the presence of 
plastically deformed material around the weld (flash).  Weld quality is 
dependent upon the proper selection of material, joint design, welding 
variables, and post weld treatment [42].  The two general requirements for 
producing good friction welds are, first, that the materials to be joined can be 
forged and, second, that friction can be generated at the weld interface. 
Despite being generally accepted as a solid-phase joining process it has 
been reported that a molten material can be produced in certain 
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circumstances at the rubbing interface[42], for instance during welding of 
dissimilar materials[37]. 
The full definition of friction welding process can be found in the American 
Welding Society (AWS) C6.1-89 Standard[43]. 
2.2.1 Friction Welding Motion Classification 
As stated, in friction welding the heat is generated by the relative motion of 
two workpieces against one another while under load.  There are four 
classifications of relative motion in friction welding[44,45] namely; Rotary 
(FRW), angular oscillation, linear reciprocation (LFW) and Orbital (OFW) 
friction welding.  Figure 2.8 give an illustration of these motions. 
 
Figure 2.8:  Friction welding relative motion classification 
FRW is the oldest and most commonly implemented technique[37,38], due to 
the simpler machine setup required to impart the rotary motion to the 
workpiece.  The basic FRW process is depicted if Figure 2.9. 
 
Figure 2.9:  Schematic of basic rotary friction welding process[46] 
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FRW does have the inherent limitations of only being suitable for circular 
cross-section components, and the heat generation is not uniform across the 
interface, which gives rise to a non-uniform thickness of the HAZ. 
2.2.2 Energy Input Methods for Rotary Friction Welding 
In FRW there are two main methods of supplying the mechanical energy: 
direct drive and inertia drive friction welding[37,38,39,45,47].  There is also a 
hybrid system which incorporates features of both the above[44].  The 
significant difference between the two main systems of friction welding is the 
control over the energy input into the weld joint. 
2.2.2.1 Direct Drive Friction Welding 
In direct or continuous drive friction welding, welding heat is generated at the 
joint by rotating one part against the other at a constant or varied rotational 
speed, with an axial force applied to the mating components.  Energy is 
provided continuously and is supplied to the interface until the proper total 
heat is obtained.  When this point is reached, the rotating member is stopped 
and a forging load is applied to the parts to be joined.  Figure 2.10 show a 
graphical display of the process. 
 
Figure 2.10:  Typical continuous drive rotary friction welding process[48] 
2.2.2.2 Inertia Drive Friction Welding 
The inertia or stored energy drive system supplies energy for welding from 
kinetic energy stored in a rotating system or mass.  The energy available in 
the stored energy system is finite and selected to meet the requirements of 
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the weld joint.  Due to considerations of machine design and total energy 
required, the rotating speed of the running component is considerably higher 
than in the direct drive system.  Pressure is generally constant and the 
displacement curve takes on a different shape than that noted for the 
continuous drive system, as shown in Figure 2.11.  The majority of the total 
displacement comes at the end of the weld cycle. 
 
Figure 2.11:  Typical Inertia rotary friction welding process[48] 
The key to successful welds with this system is in the proper selection of the 
total energy required for a specific materials and the amount of cross 
sectional area at the interface. 
2.2.3 Friction Welding Process Phases 
Direct drive friction welding has four[42,46] or five[40,49,50] distinct phases in its 
process, depending on which reference is sited. 
 
Figure 2.12:  Direct drive friction welding process phases 
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Whether it is four or five they are essentially the same as the extra phase 
sited is merely the separation of the first phase by some authors.  The 
process separated into five phases will be discussed here, remembering that 
the first two phases can be grouped together.  Figure 2.12 shows schematic 
representation of a typical FRW process with each phase separated by a 
vertical dashed line. 
2.2.3.1 Phase 1 – Initial Friction 
This phase starts with the initial sliding contact of the rotating workpiece face 
to the stationary face.  As the axial pressure is increased the temperature 
rises rapidly, softening the rubbing faces, until the interface is separated by a 
viscous layer.  The torque increases to a peak value corresponding with the 
viscous layer extending across the entire cross-section. 
2.2.3.2 Phase 2 – Initial Heating 
Phase 2 starts after the initial peak torque is reached and ends when 
equilibrium conditions are reached.  The shear resistance of the plasticised 
layer is relatively low and as the layer spreads across the interface, the 
resisting torque decreases in magnitude and reaches its minimum value 
when the boundary layer extends over the entire contact surface.  Material 
movement (upset) begins during this phase. 
2.2.3.3 Phase 3 – Equilibrium Heating 
At the start of the phase 3 the plasticized layer is fully formed at the interface.  
The rate of heat generation balances the rate of heat dissipation and the 
rubbing faces are separated by a continuous layer of plasticized material.  
The plasticised layer is continually pushed outwards to the periphery to form 
the characteristic weld flash with the width of the interface layer remaining 
constant.  The frictional torque, axial force and rate of upset remain constant 
during this equilibrium phase[49]. 
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2.2.3.4 Phase 4 - Deceleration 
Here controlled decreasing of the rotational speed occurs until rotation is 
stopped.  Heat input decreases with insufficient heat being generated to 
maintain the plasticized layer.  The torque increases abruptly, reaching a 
peak value then decreasing until zero when rotation ceases.  Accurate 
control of the deceleration has an influence on the quality and strength of the 
weld produced[51].  If deceleration is too rapid then there may not be complete 
bonding at the periphery and if the deceleration is too slow then excessive 
flash may form increasing the material usage. 
2.2.3.5 Phase 5 - Forging 
The final stage is the forge stage, also referred to as the ‘bonding’ phase.  It 
begins with the increase in force at the end of the deceleration phase and 
ceases when the applied forge force is removed.  What the forge force 
achieves is a homogeneous bonding across the entire joint section.  A study 
did however show that in certain circumstances the forge stage can be 
eliminated without influencing the mechanical properties of the weld[52].  A 
forge phase is however usually required as it allows the weld to consolidate 
the interface[44]. 
2.2.4 Friction Welding Process Variables 
A distinction must be made between process variables in the friction welding 
process as they can be divided into two groups[42,45,46].  There are machine 
and non-machine based variables.  The machine based variables are the 
process parameters, with the rest being non-machine variables.  Non-
machine process variables include the material type to be welded and the 
part configuration and size.  These process variables are not controllable but 
determine the selection of welding parameters. 
The important process parameters that will control the ultimate quality of the 
weld are the axial pressure / force, the speed of rotation, the heating time 
and the axial shortening (upset)[53,54].  Other process parameters of lesser 
influence are the time required to stop the spindle and the magnitude and 
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duration of the forge pressure / force.  The machine based process 
parameters are controllable and are dependent on the machine capability. 
2.2.5  Friction Welding Process Parameters 
Process parameters should be selected in order to produce an optimised 
weld and are usually selected by performing a series of welding trials for a 
given application.  Attempts have been made to develop mathematical 
models for the prediction of welding parameters[55,56,57,58,59,60] but these are 
difficult to implement in practice due to the rigorous calculations, uncertain 
constants and/or knowledge of detailed material behaviour for the specific 
welding conditions.  Recently finite element modelling has been used in an 
attempt to model the friction welding process, such as to quantify the heat 
generation[61] and to predict the resultant microstructure[62]. 
Herewith follows a discussion of the influences of the basic welding 
parameters for conventional friction welding. 
2.2.5.1 Welding Speed 
The welding speed is the relative speed between the contact faces and is the 
rotational speed of the rotating workpiece, usually quoted is RPM.  There is a 
tendency to want to increase the rotational speed to intensify the welding 
process, which is erroneous as it has been shown that an optimum welding 
speed exists for a given material combination where the weld time is a 
minimum and the average heat generation is a maximum[49]. 
The rotational speed affects both the width and shape of the heat-affected 
zone.  Increasing the speed tends to; increase the width of the HAZ; 
increases the grain size[45,46,63]; significantly lowers tensile strength, 
particularly at lower pressure[64]; and gives higher heating time[49], with a 
respectively lower cooling rate[50]; and results in a progressively lower 
hardness.  Conversely decreasing the speed reduces the heating time and 
increases the cooling rate, resulting in higher hardness. 
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2.2.5.2 Axial Welding Pressure / Force 
The axial applied welding force or pressure is the loading applied between 
the two workpieces.  It is quoted as a force value but ideally should be a 
pressure value (unit loading), as this gives a relative value without geometry 
size influence.  The welding pressure controls the temperature gradient in the 
weld zone which affects both the width and shape of the heat-affected zone.   
It also determines the required drive power, and the resultant axial shortening 
of the workpieces.  Higher pressures tend to compress the HAZ, especially at 
the centre, as well as cause a notch effect at the flash interface[45]. 
The graph in Figure 2.13 illustrates that progressively increasing the axial 
pressure results in an increase in the tensile strength, up to a maximum 
tensile strength value.  Further increases in pressure then result in a 
progressive decrease in tensile strength[50,53,65,66,67]. 
 
Figure 2.13:  Typical relationship between tensile strength and friction 
pressure[54] 
The higher the welding pressure is, the higher the burn-off rate will be and, 
consequently the amount of heat generation will be lower, with a resulting 
higher cooling rate.  The effect of axial pressure on the hardness is that the 
hardness increases with increasing axial pressure. 
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2.2.5.3 Axial Upset 
The term axial upset, used by the AWS standard[68], defines the amount of 
plasticised material and is measured as the axial displacement of the rotating 
workpiece.  ‘Burn-off’ is an alternative term used by the EN ISO 
standard[44,69].  The upset rate is the amount of upset per second and can 
therefore be considered as a representation of the welding speed. 
The upset controls the welding cycle and has a significant influence on the 
weldment properties[70].  The applied force and speed of rotation will 
influence the time needed to reach the pre-set amount of upset.  The time 
from initial contact of the surfaces to the completion of the upset length 
becomes shorter as force increases.  Decreasing the welding speed results 
in a higher upset rate (for the same welding pressure), giving a reduced total 
welding time and hence less time available for grain growth and 
homogenisation of the weld to take place[50]. 
2.2.5.4 Heating Time 
For a given amount of upset the heating time is influenced by the axial force 
as well as by the rotational speed[46].  At a set rotational speed the heating 
time is reduced as the axial force is increased, while for a set axial force the 
heating time is decreased with decreasing rotational speed.  Heating time is 
important especially for a low axial upset rate because it not only defines the 
microstructure of the interface but also controls the depth of heating in the 
workpiece by conduction and therefore the width of the HAZ[50]. 
In order to improve the tensile strength of the weld, it is desirable to have 
short heating times.  The cooling rate will be higher which results is a HAZ 
that is narrower.  However, if weld toughness is required then longer heating 
times with their consequently lower cooling rate would be desirable[64].  
Studies have shown that an optimum heating time gives a maximum tensile 
strength[53,54,63,65,66,71].  Increasing the heating time any further will merely 
reduce the tensile strength, see Figure 2.14. 
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Figure 2.14:  Typical relationship between tensile strength and heating time[54] 
In terms of controlling the hardness heating time is the most important 
parameter.  The higher the welding time the smaller the cooling rate and, 
consequently the smaller the hardness. 
2.2.5.5 Forge Force 
The use of an appropriate forging pressure / force, after the spindle stops 
rotating, has two beneficial effects[45,46].  Firstly, it homogenises the weld 
structure by breaking up the coarse inclusions; and secondly, it refines the 
grain size.  Used correctly the forging force improves the ductility of the weld 
and also increases the ultimate tensile strength[45]. 
2.2.6 Summary of the Influence of Parameters on Mechanical Properties 
Figure 2.15 gives a convenient reference for parameter influence in friction 
welding[46]. 
 
Figure 2.15:  Parameter influence in friction welding[46] 
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2.2.7 Friction Processes 
FRW is just one of friction joining/processing techniques.  There are a 
number of friction based processes that are now available for industrial 
applications[41,44,72,73].  Figure 2.16 gives an overview of the friction 
processing technologies. 
 
Figure 2.16:  Friction processing technologies[73] 
2.2.8 Advantages and Limitations of Friction Welding 
The friction process is an efficient method of plasticising a specific area of a 
material.  A major advantage of the process is that it is ideal for welding 
dissimilar metals[44,74,75,76,77] with very different melting temperatures and 
physical properties, which would be impossible to join by conventional arc 
welding processes.  In the power generation industry arc welding traditionally 
represents the vast majority of welding processes; however friction welds 
exhibit a number of advantages when compared to arc welds. 
The advantages are: 
• Since it is a solid phase joining process there is no microstructure 
phase transformation (volume change during solid to liquid state) and 
thermal stresses are thus significantly less if compared to the arc 
welding process.  Meaning minimal distortion is experienced 
• There are no complicated negative effects of gas solubility changes 
which are particularly pertinent to negative effects of the diffusion of 
dissolved hydrogen from different areas around the weldment 
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• The lower temperatures involved also results in a very narrow heat 
affected zone (HAZ).  This in turn limits the volume of potentially hard 
and brittle microstructure with associated problems such as hydrogen 
embrittlement often experienced on high strength low alloy steels 
• Friction welds exhibits a very fine homogeneous microstructure, a 
feature that is conducive to good impact toughness and fatigue 
properties 
• The process is ideally suited for automation because of the good 
reproducibility of welding parameters 
• The process is self cleaning as it automatically removes contaminants 
in preparation for welding 
• The process is environmentally friendly as it does not require 
consumables (filler wire, flux or gas) and produces no fumes 
• Friction welding allows for the repair of damaged components 
previously considered not viable for weld repairs 
• There is no weld spatter that has to be removed afterwards 
• The use of friction welding can greatly reduce process time and costs 
for specific applications 
The limitations are: 
• Many potential areas of application pose technical challenges with 
regards to the application with suitable equipment 
• For rotational friction welding the welding area of at least one part must 
be rotationally symmetrical, so that the part can rotate about the axis 
of the welding plane 
• The material of at least one component must be plastically deformable 
under the given welding conditions 
• Preparation and alignment of the workpieces may be critical for 
developing uniform rubbing and heating 
• Welding equipment and tooling costs can be high 
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2.3 Friction Hydro Pillar Processing 
Friction Hydro Pillar Processing was Invented and patented by TWI (World 
Centre for Materials Joining Technology) in the UK in the early 1990’s.  The 
fact that FHPP is a relatively new and under developed process means that 
the existence of published work relating to FHPP is limited at best.  Up to 
1999 only 7 references were published, and by the end of 2008 fewer than 
20 published articles on FHPP existed[78].  A further problem with the 
published works is that a number of these have fundamentally the same 
content.  This makes a literature review on the topic a limited task.  It appears 
when viewing the published works that there are only 3 groups worldwide 
investigating the process; the inventors The Welding Institute UK (TWI), a 
group in Germany at GKSS, and by the Friction Processing Research 
Institute at the NMMU. 
A limitation of the process, in terms of its development for use in further fields 
of application, is the fact that the process needs to be licensed[79,80] from the 
inventors of the process TWI for industrial application. 
2.3.1 Description of the Process 
A description of the process, given by Thomas and 
Nicholas[9,81,82,83,84,85,86,87,88] is as follows: 
‘The FHPP technique involves rotating a consumable rod co-axially in an 
essentially circular hole whilst under an applied load, to generate 
continuously a localised plasticised layer.  The plasticised layer coalesces 
and comprises a very fine series of adiabatic, helical rotational shear 
interfaces, part spherical in shape.  During FHPP the consumable member is 
fully plasticised across the bore of the hole and through the thickness of the 
workpiece.  The plasticised material develops at a rate faster than the axial 
feed rate of the consumable rod, which means that the frictional rubbing 
surface rises along the consumable to form the dynamically recrystalised 
deposit material.  The plasticised material at the rotational interface is 
maintained in a sufficiently viscous condition for hydrostatic forces to be 
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transmitted, both axially and radially, to the inside of the hole enabling a 
metallurgical bond to be achieved.’ 
Figure 2.17 gives a schematic illustration of the FHPP process. 
 
Figure 2.17:  Schematic representation of FHPP Process[89] 
Work at TWI has shown that good mechanical integrity in FHPP welds can 
be achieved[81].  Metallographic examination by TWI has shown that the 
FHPP deposit material is hot worked with a very fine grained microstructure. 
2.3.2 FHPP Procedure 
The typical FHPP procedure is shown graphically in Figure 2.18. 
 
Figure 2.18:  Basic FHPP Procedure 
Step 1 is the initial alignment of the tool and hole.  Concentric alignment with 
a clearance between the tool and hole sidewall is important in avoiding 
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rubbing of the tool shank and hole sidewall, which can lead to collapse of the 
tool due to frictional heating and softening of the tool column.  At step 2 tool 
rotation starts and an axial force is applied to the tool, generating frictional 
heat and plasticising the tool material.  After a set upset distance rotation is 
halted and step 3 begins where a forging force is applied to consolidate the 
weld.  After a set time the forge force is removed and the weld is completed. 
2.3.3 Process Characteristics  
During FHPP the frictional rubbing interface rises up along the consumable to 
form the dynamically recrystalised deposit material by continuous helical 
shear[90].  Heat flow and thermal conduction causes the rubbing surface to be 
partially spherical in shape.  This rubbing surface shape reveals itself as 
distinct changes in microstructure observed in the weld column.  These 
microstructure changes are considered to be the result of an almost 
instantaneous shift in the rotational frictional interface[90].  The rotating 
consumable is thought to seize at its current frictional interface and then 
shear at a location some distance further along the consumable, creating a 
new frictional interface.  If optimum weld parameters are realised, i.e. ideal 
conditions, the distance moved by the rotational frictional interface should be 
very small, giving an almost continuous movement of the shear interfaces 
along the weld[90], as shown in Figure 2.19. 
 
Figure 2.19:  FHPP showing an even series of shear planes 
indicative of good FHPP conditions[90] 
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A weld as shown in Figure 2.19 should be characterised by a stabilised 
torque input as the heating and shearing process should be consistent in 
nature. 
2.3.4 Weld Formation 
Meyer[78] conducted a series of FHPP welds in order to view the development 
of the plasticisation zone during the process.  He made a series of welds with 
1mm incremental upset increases which is shown in Figure 2.20.  His study 
found that the shape of the frictional plane changes within the duration of the 
weld, moving from a flat shape to a conical shape and then back to a flatter 
profile. 
 
Figure 2.20:  Sequence of macrographs showing FHPP weld formation[78] 
2.3.5 Tool and Hole Geometry 
The conventional tool and hole geometry used by the FHPP process is a 
parallel cylindrical arrangement, with a clearance between the tool and hole 
sides.  A tapered holes and consumable arrangement can also be 
used[81,82,90].  The tapered arrangement allows a reactive force horizontally 
from the hole sidewall as well as the vertical hydrodynamic force to be 
utilized for heat generation when making the joint, which is useful for 
materials less able to extrude. 
TWI state they have produced good quality FHPP welds in steel and certain 
non-ferrous materials, using a parallel hole geometry, and that these welds 
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have been characterised by good impact, tensile, and bend values[64].  
However, they did observe periodic changes in the microstructure where 
regions within the deposit material were not been fully transformed.  This 
effect being noticeable in parallel hole welds where a high rotation speed and 
a consumable displacement (upset) rate was used.  In addition, periodic 
changes can occur in parallel hole welds, when the hole depth to hole 
diameter exceeds a ratio of about 3.5:1[81]. 
 
Figure 2.21:  Parallel-sided and tapered tool and hole geometry combinations 
Figure 2.21 shows a parallel and tapered FHPP setup.  The taper hydro pillar 
process welding technique allows higher rotational speeds and higher 
consumable displacement rates to be used than are possible with the parallel 
configuration and TWI are of the opinion that it will assist in making the FHPP 
technique more robust[81]. 
There is some confusion with regards to the terminology that should be used 
to describe the FHPP geometry arrangement.  The taper arrangement is still 
essentially the same process but has been referred to as Friction Taper Stud 
Welding, abbreviated as FTSW.  This could lead to confusion as TWI makes 
use of the taper arrangement to perform a process they termed Friction 
Taper Stitch Welding[83,86], also abbreviated as FTSW.  In this work the FHPP 
taper arrangement will also be referred to as ‘Friction Taper Stud Welding’ 
(FTSW).  However, it is felt that since it is still a FHPP process it should be 
referred to as such, with merely added reference given to whether a parallel 
or taper geometry arrangement is employed. 
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2.3.6 General Influence of Process Parameters 
There is very limited published works with regards to the influence of process 
parameters for FHPP welds.  Meyer[78] did however carry out a FHPP study 
on high strength low alloy steel.  His study led to him making the following 
conclusions: 
• The influence of the tool and hole geometries on the bonding 
properties showed that the hole shape has a major influence.  The 
shape of the tool is generally of minor influence 
• The influence on heat generation and bonding quality is similar to that 
observed in conventional friction welding, but in qualitative terms the 
relative influence is different 
• The influence of the rotational speed is significantly lower in FHPP 
than compared to conventional friction welding 
• The forging force, which has a major influence on the weld properties 
in conventional friction welding, has no influence on most of the weld 
in FHPP.  It’s effect is limited to the upper area near the surface and 
cannot improve the properties in the lower region 
• It was demonstrated that the shape of the frictional plane defines the 
axial force distribution and the temperature development during 
welding 
• It was shown that bonding takes place at lower compression forces 
than estimated 
• The measured tensile properties showed base material properties due 
to the overmatching condition of the weld material. 
2.3.7 FHPP Limitations 
The limitations of the process are mainly as a result of the process still 
having to be developed to full potential for specific applications and materials. 
Another challenge that is hindering its on-site industrial usage is that many 
potential application areas pose technical challenges with regards to the 
application of FHPP.  These challenges being due to the bulky equipment 
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size of suitable machines required to apply the high forces associated with 
the process. 
2.4 Discussion 
The literature survey conducted provided an overview of the related fields of 
study and served to highlight two important points.  Firstly, it revealed as 
hypothesised that this study, if successful, could contribute to an improved 
creep monitoring procedure.  And secondly, process parameters for the 
FHPP will have to be developed by a series of weld trials as relevant process 
data does not exist. 
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CHAPTER 3 DEVELOPMENT OF PORTABLE FRICTION WELDING 
PLATFORM 
This chapter details the development and build of the Portable Friction 
Welding Platform (PFWP) required by this work.  Detailed in this chapter will 
be the process that was taken for the selection of the specifications for the 
machine design, as well as a description of the machine and its operating 
procedure.  Finally, the process monitoring equipment will be briefly detailed. 
3.1 Identification of Welding Platform Requirements 
The PFWP developed for this research should form the basis for prototype 
equipment for industrial implementation of the procedures developed.  As 
such it will be required to be a robust platform with user friendly 
characteristics and importantly should have sufficient capacity for process 
development.  The first step in the development of such a platform is the 
identification of the equipment requirements.  These requirements can be 
sub-divided into process variables and process parameters.  The majority of 
the process variables are identified and specified by the power utility.  Since 
these are not flexible they are the easier requirements to identify.  The 
process parameter ranges however will be more difficult to identify due to the 
lack of available research data. 
3.1.1 ESKOM Equipment Design Requirements 
As stated in Chapter 1, the aim of this work is to provide a solution to the 
power generation industry for creep sample retrieval and site repair.  
Therefore South Africa’s power utility, ESKOM, provided initial design 
requirements for the equipment, from an application viewpoint, as follows: 
• They specified that they required a creep sample of approximately 
7mm diameter and a minimum of 20mm in length to be removed 
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from plant components without fully penetrating the component, i.e. 
from a blind hole 
• Creep sample retrieval is required to be undertaken on large 
diameter thick walled steam pipes.  The majority of South Africa’s 
power stations are fossil fuelled and make use of creep resistant 
steel steam pipes and components 
• They required portable equipment that must be able to operate in-
situ on these pipes, which may be at an elevated temperature of 
approximately 250°C 
• The equipment should be sized so as to be able to be handled by 
two operators at most, and be as compact as possible to access 
difficult to reach areas of the plant. 
3.1.2 Identification of Process Variables 
The process variables are the requirements that cannot be altered and are 
constraints around which the equipment must be adapted for process 
implementation.  These are the working environment conditions for the 
equipment; the component geometry where the equipment must operate; and 
the material of the workpieces that require creep sample core removal and 
hole plugging. 
3.1.3 Identification of Process Parameters 
As the FHPP is a friction welding process the process parameters are easily 
identified and have been given in Chapter 2.  However, the working ranges 
for each of the parameters will still require selection for the design of the 
platform.  The process parameters are: 
• Tool rotational speed 
• Axial force applied to tool during welding and forging 
• Upset distance 
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• Feed rate 
• Tool and hole geometry 
3.1.4 Existing Equipment 
As mentioned in the Chapter 1 the majority of friction welding machines are 
workshop based and are too bulky to be portable for applying friction welding 
for in-situ applications.  The existence of small scale equipment appears to 
be extremely limited with only one potentially suitable and commercially 
available[91,92] machine being identified.  However, this machine, designed 
specifically for underwater friction stud welding, is not the optimum solution 
for the application envisaged for this work.  Specifically it has limited axial 
travel capability and uncertain low force control.  It is envisaged that the low 
force control will be required for the coring operation.  It quickly became clear 
that purpose ‘designed and built’ equipment would be required for this work. 
3.1.5 Platform Operational Strategies 
Although the equipment has been referred to as a Welding Platform it in fact 
will have two operational requirements.  Firstly, it will have to perform the 
coring operation and then after the core is removed it will perform the friction 
welding operation.  This will entail two separate operational strategies. 
3.1.5.1 Coring Operation 
The coring operation should take the form of a basic machining operation 
where a hole is cut while leaving a central core for retrieval and analysis.  A 
procedure must be developed to achieve this, with the challenge being the 
effective removal of the core from a blind hole.  It is envisaged that a 
technique must be found to form an undercut at the base of the core stub to 
facilitate its removal. 
In terms of the operation and control for the coring operation it will in 
probability be performed with a low axial force if standard cutting tools are 
used.  Of importance will be the control of the federate, which is normally 
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specified by the manufacturer of cutting tools, and is based on the tool 
material and the material being cut. 
3.1.5.2 Welding Operation 
The plugging of the hole will be by FHPP and should be at a significantly 
higher axial force than the coring operation.  Here the control of the axial 
force, the tool speed and the axial position (upset distance) will require full 
control. 
3.2 Process Variables Specification 
The process variables for the equipment are set out by the requirements of 
the power utility.  These are: the operational or working environment for the 
equipment; the geometry and layout of the components on which the 
equipment must operate; and the type of material of the components. 
3.2.1  Working Environment 
The equipment will be required to operate in situ in a power plant.  Some of 
these operational areas may be difficult to reach or have limited space for 
placement of equipment; also some areas may be at an elevated position.  
For this reason the equipment should be as compact as possible.  Also, it 
should be as flexible as possible in terms of its mounting position. 
3.2.2 Component Geometry 
Creep samples are required to be taken from large diameter thick walled 
steel steam pipes.  A mounting system must be designed that will allow the 
equipment to be securely mounted to a range of pipe diameters.  ESKOM 
specified a 300[mm] to 400[mm] pipe diameter range with the pipes being at 
a temperature of up to 250°C.  The equipment will also be required to be able 
to operate in a full 360° orientation around a pipe.  From these requirements 
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it is obvious that the ease of positioning of the equipment is important and 
this again necessitates that the equipment should be compact. 
3.2.3 Material Properties 
The pipe material is creep resistant steel grade 10CrMo9-10 (ASTM A 182 
F22 Class 3).  This material is particularly suitable for superheater tubing, 
steamline pipes and headers, and can be used for continuous operation at 
temperatures of up to approximately 590 °C.  Table 3.1 gives the chemical 
composition of the pipe material. 
C% 
Si% 
max 
Mn% 
P% 
max 
S% 
max 
N% Cr% Mo% 
Cu% 
max 
0,08-
0,14 
0,50 
0,40-
0,80 
0,030 0,025 -- 
2,00-
2,50 
0,90-
1,10 
0,30 
Table 3.1:  Chemical Composition of 10CrMo9-10 steel 
Note:  See Appendix A for properties datasheet for 10CrMo9-10. 
3.3 Review of TWI Report[11] 
The initial friction processing feasibility study[11], commissioned by ESKOM, 
was carried out by TWI in the UK.  They performed a limited weld trial study 
for assessing the feasibility of using FHPP to plug 9[mm] diameter holes, 
approximately 10[mm] deep, in creep resistant CrMo steel and martensitic 
stainless steel.  The materials specified by ESKOM; 10CrMo9-10 and 
X20Cr13, were not readily available so were substituted by similar alternative 
materials EN19T (709M40) CrMo steel and 410S21 (X12Cr13) martensitic 
stainless steel.  For purposes of assessing the weld quality the welds were 
sectioned to produce macrographs for visual assessment and selected 
hardness measurements were also performed. 
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TWI carried out the weld trials using a continuous rotary drive friction welding 
machine.  This machine has a maximum rotation speed of 4,800[rpm] with a 
power rating of 7.5[kW].  The maximum axial force which can be applied by 
the equipment is 100[kN].  The parameters of rotation speed, axial force and 
axial displacement (Upset) were monitored and recoded.  Limited torque 
measurements were also recorded for the final welds of each combination. 
TWI performed 4 sets of FHPP weld trials for the study.  For each of the two 
materials they did one series using a parallel tool and hole geometry and one 
series using a tapered geometry (FTSW) setup.  For the parallel geometry 
two profiles were used as shown in Figure 3.1.  Initially TWI used the flat 
bottomed hole and tool geometry but in an attempt to resolve the lack of 
bonding at the hole bottom face and base radius they changed to the 
spherical shape. 
  
Figure 3.1:  TWI FHPP parallel tool and hole geometries[11] 
A tool diameter of 8[mm] and 8.5[mm] was used with the hole diameter being 
9[mm] and 9.5[mm].  These combinations gave a maximum clearance of 
0.5[mm] and a minimum clearance of 0.25[mm].  Their welds showed that the 
smaller clearance achieved consistent sidewall bonding but with the 0.5[mm] 
clearance there were instances of lack of bonding at the hole sidewall.  The 
hole depth for the FHPP welds was in the range of 10[mm] to 14[mm]. 
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For the tapered geometry welds, shown in Figure 3.2, the taper angle of the 
tool was either 10ﹾ or 15ﹾ with the hole taper angle always 5ﹾ larger than the 
tool.  Face diameter of the tool was 1[mm] smaller than the hole face 
diameter. [See Appendix B for full geometry nomenclature]  Hole depths for 
the tapered geometry welds were between 10[mm] and 12[mm].  TWI did not 
specify the tool diameter was not indicated however the length of the taper 
was set at 30[mm], therefore the tool diameter would be in the range 
14.08[mm] to 16.65[mm], depending on the taper angle used. 
 
Figure 3.2:  TWI FHPP tapered tool and hole geometry[11] 
For the majority of the welds a tool rotational speed of 4800[rpm] was used.  
Only two welds were attempted at a low speed of 1500[rpm] but in both 
cases tool failure resulted.  The 4800[rpm] was used in order to keep the 
peripheral velocity of the tool above 2[m.s-1] which TWI claim is their guide 
standard for friction welding.  The tool forces used by TWI were 5[kN], 10[kN] 
and 15[kN] for both materials.  For the 410S1 material welds were also 
performed with 20[kN] axial loading. 
Upset distance is selected to fully fill a hole and is set according to the 
clearance volume between the tool and the hole.  The upset distance must 
achieve an ‘overfill’ as some material is forced out of the hole during the 
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process.  TWI used an upset distance of a minimum of 3mm up to a 
maximum value of 8.5[mm] for the parallel geometry welds, with a final 
selection of 4[mm] for the 410S1 material, 12[mm] hole depth, and 6[mm] in 
the EN19T material, 14[mm] hole depth.  For the tapered geometry welds 
5[mm] upset was used for both the 410S1 and EN19T materials, 12[mm] hole 
depths. 
From the weld trials TWI drew the following conclusions: 
• Parallel geometry welds of 9[mm] diameter holes in EN19T 
produced hole fills with good sidewall bonds at 5[kN[ and 10[kN] 
axial loadings, but a small discontinuity at the hole bottom was 
present in all trials 
• Parallel geometry welds of 9[mm] diameter holes in 410S21 
produced hole fills with good sidewall bonds with a 10[kN] axial 
loading, but a small discontinuity at the hole bottom was present in 
all trials 
• Tapered geometry welds of 9[mm] diameter holes in EN19T carbon 
steel has produced complete hole fills with continuous bonding with 
10[kN] and 15[kN] axial loadings 
• Tapered geometry welds of 9[mm] diameter holes in 410S21 
martensitic stainless steel has produced complete hole fills with 
continuous bonding at a 20[kN] axial loading 
• For both materials and both processes hardness levels in excess of 
500HV10 were recorded in the as-welded condition but this can be 
reduced by application of a suitable post weld heat treatment 
(PWHT) procedure 
The TWI findings indicate that the tapered geometry welds appear to resolve 
the problem of the lack of bonding between the tool and the hole at the 
bottom centre experienced by the parallel geometry welds.  This lack of 
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bonding position is where the relative surface velocity tends to zero on the 
axis of rotation and thus the frictional heat generation is at its lowest 
magnitude. 
3.4 Process Parameter Range Specification 
For FHPP there is very little relevant process data available and for purposes 
of selecting the maximum process parameter capability for the equipment we 
had to rely on the TWI study data.  This did present a problem in that their 
trials were quite limited in terms of a narrow weld parameter matrix.  Also 
they made use of a relatively small tool and hole geometry and for this work it 
will require a bigger hole in order to retrieve a core sample of acceptable 
size.  Further weld trials will be required to develop optimum process 
parameters.  For this reason the equipment will be overdesigned in terms of 
process parameter capacity since the selection of the maximum operating 
parameters should be overestimated.  The build of final industrial equipment 
can be optimised as process data will become more clearly defined as 
research progresses. 
3.4.1 Maximum Welding Parameter Selection 
Below follows the maximum process parameter operating values that were 
selected for designing of the equipment. 
3.4.1.1 Tool Rotational Speed Range 
TWI[11] state that as a rule the peripheral speed of the tool should be at least 
2[m.s-1], also AWS[43] gives a recommended speed  range of 1.27[m.s-1] to 
4.06[m.s-1] for direct drive friction welding machines.  The minimum tool 
diameter should define what the maximum operating design speed must be 
for the equipment.  However the tool geometry is at this stage undefined.  
Based on the TWI study[11] 6000[rpm] was selected as the design speed.  
This will allow a 25% increase above the welding speed used by TWI. 
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3.4.1.2 Axial Tool Force Range 
As reported the maximum axial force used by TWI was 20[kN].  Our required 
hole geometry size is undefined but should be larger than 8.5[mm], as used 
by TWI, since the retrieved core has to be 7[mm] in diameter.  Allowing for 
clearance for the coring operation an estimated hole size could be taken as 
12[mm].  Then interpolation from the TWI values can be performed to get an 
estimated axial loading maximum magnitude.  To do this we need to convert 
the axial load to a welding pressure value for comparison purposes by using 
the 8.5[mm] diameter tool cross-sectional area.  Since the welding pressure 
is independent of the tool size it can be used to interpolate to the axial force 
for the 12[mm] diameter.  The welding pressure used by TWI was 
approximately 353[MPa].  Then for a 12[mm] diameter tool this equates to 
39.92[kN].  Therefore for design purposes a 40[kN] axial load capacity was 
selected. 
3.4.1.3 Upset Distance Range 
The upset distance used by TWI was 28% to 85% of the hole depth, with an 
‘optimum’ depth percentage of between 33% and 43%.  The retrieved core is 
required to be a minimum of 20[mm] in length.  If we use the 43% value then 
the upset will be 8.6[mm].  If we look at the wall thickness of the pipe which is 
40[mm] we may be able to core deeper than 20[mm], say a further 10[mm].  
Therefore using the 43% value we will design for at least 13[mm] of upset 
travel capacity. 
3.4.1.4 Feed Rate 
For the welding cycle the axial feed rate is determined by the heat generation 
and is not a controlled parameter.  However, for the coring operation it is 
important to control this parameter to avoid over stressing the coring/cutting 
tools.  Therefore a requirement of the equipment will be the ability to control 
the feed rate of the spindle axis. 
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3.4.1.5 Hole and Tool Geometry Selection 
When reviewing the TWI report it was evident that more consistent bonding 
at the tool to hole surface was achieved by the FTSW geometry than the 
FHPP geometry.  A further advantage of the FTSW geometry is that the hole 
shape will increase the access space for the removal of the core while 
requiring less material removal than a parallel sided hole with equivalent hole 
diameter.  Typical FTSW geometry dimension ranges foreseen for this work 
were as follows: 
• Hole depth:  20[mm] to 30[mm] 
• Hole taper angle:  15°to 20° 
• Tool taper angle:  5°< than hole taper angle 
• Tool face diameter:  5[mm] to 12[mm] 
• Hole face diameter:  1[mm] > tool face diameter 
• Tool & hole base radius:  1[mm] to 3[mm] 
• Tool diameter:  20[mm] to 25[mm] 
The selection of the final geometry sizes will be addressed in Chapter 4 
during the process development phase of this work. 
3.5 Design Brief Summary 
The following is the final specification that formed the basis for the design of 
the portable friction welding platform: 
• Equipment must perform both the coring and hole plugging 
(welding) operations 
• Creep sample retrieval without full penetration of component wall 
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• Creep sample size of 7[mm] diameter by a minimum of 20[mm] in 
length 
• Components for sample retrieval are 300[mm] to 400[mm] diameter 
steam pipes with ±40[mm] wall thickness made from 10CrMo9-10 
grade steel 
• Equipment to operate in-situ on the pipe, which may be at an 
elevated temperature of approximately 250°C 
• Equipment to be handled by a maximum of two operators 
• Equipment should be as compact as possible to access difficult to 
reach areas of the plant 
• The equipment must be capable of operating in any orientation 
3.6 Portable Friction Welding Platform (PFWP) 
Equipment was developed based on the operational requirements previously 
described.  This section details the equipment that was designed and built by 
the researcher to perform the required coring and hole plugging operations.  
The equipment will be referred to as the Portable Friction Welding Platform or 
PFWP. 
3.6.1 Equipment Description 
The PFWP equipment is made up of two units, namely; the welding unit, 
shown in Figure 3.3, and the control unit, which can be seen in Figure 3.4.  
The welding unit works remotely from the control unit and performs the coring 
and welding operation on the pipe.  The control unit supplies power and 
control to the welding unit and houses the drive controller, the HMI for 
programming the welding unit, and the hydraulic power pack.  The welding 
unit can operate remotely from the control unit up to a distance of 10[m], 
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which can be extended by lengthening the electric power supply cables, 
control/sensor cables and the hydraulic hoses. 
For the coring and welding operations rotary and axial motion of the tool is 
required.  The rotary motion is supplied by a servomotor, via a synchronous 
belt drive to the spindle, which has a maximum speed capability of 
6000[rpm].  The axial motion and loading of the spindle is achieved by a twin 
hydraulic cylinder arrangement with a maximum axial loading capacity of 
40[kN] and axial travel of 100[mm].  The axial position is monitored via an 
LVDT mounted in one of the hydraulic cylinders. 
Figure 3.3 shows the welding unit of the PFWP in position attached to a 
370[mm] diameter pipe.  The left figure is the CAD model while the right 
picture shows the physical equipment mounted to a test pipe during process 
trials. 
 
  
Figure 3.3:  Portable friction welding platform in working position on pipe 
FTSW 
Tool 
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The welding unit utilises two conveyer chain ‘slings’ for positional attachment 
to a pipe.  The platform was designed to mount to round pipes of between 
270[mm] and 470[mm] diameter. 
 
Figure 3.4:  Portable friction welding platform welding and control units 
In Figure 3.3 a FTSW tool is shown mounted in the tool holder of the spindle 
between the open arrangement of the two mounting legs of the frame.  This 
gives full access to the spindle tool holder for changing tools during the 
coring and welding operations. 
3.6.2 Modular Layout 
The fully assembled welding unit weighs approximately 135[kg].  This would 
be too heavy for just two operators to be able to lift and position in difficult to 
reach areas of a power plant.  To solve this problem the welding unit was 
designed with a modular arrangement as shown by Figure 3.5. 
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Figure 3.5:  Portable friction welding platform modular disassembly 
The modules that make up the welding unit are the frame module, spindle 
module and the drive motor module.  These will be described further. 
3.6.2.1 Frame Module 
The frame module weighs ±54[kg] fully assembled.  This module would be 
the first module mounted to the pipe.  The frame is positioned in the desired 
sampling position and the two chain straps are fastened around the pipe 
securing the frame.  The frame has a removable yoke, which is used to 
secure the spindle module by the two side toggle clamps. 
3.6.2.2 Spindle Module 
The spindle module weighs ±53[kg] fully assembled.  It consists of a spindle 
cartridge, through which the main shaft rotates, and is guided axially by the 
spindle housing.  The two hydraulic cylinders with 100[mm] of travel mount to 
Drive Motor Unit Spindle Unit 
Frame Unit 
Pipe 
Yoke 
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the sides of the spindle housing with their rods connected to the spindle 
cartridge.  The rotary drive is transmitted to the main shaft via a splined 
connection from the fixed pulley shaft which is mounted in the top of the 
spindle housing.  This splined connection allows axial movement of the main 
shaft during rotation.  The hydraulic control valve assembly is mounted to the 
spindle housing and has quick couple connectors for the hydraulic lines. 
Finally, the tool holder is mounted axially to the bottom end of the main shaft.  
The holder has a 20[mm] diameter mount with a locking screw for securing 
the coring and welding tools.  After the frame has been secured to the pipe 
the spindle module is mounted to the frame and held in position by the yoke 
by means of two toggle clamps. 
3.6.2.3 Drive Motor Module 
The drive motor module weighs ±28 [kg] fully assembled.  The drive motor is 
a Bosch-Rexroth Synchronous motor (MHD093C-058), which supplies drive 
via a synchronous belt to the spindle. 
The drive motor module is fitted to the frame module after the spindle module 
has been secured.  The synchronous belt from the spindle is positioned on 
the pulley and the two frame toggle clamps then secure the drive motor 
module. 
3.6.3 Control Unit 
The control unit system consists of the following components:  a servo motor 
drive controller, a hydraulic power pack, a logic controller and a human 
machine interface (HMI) for operator input.  The system architecture of the 
PFWP is depicted in Figure 3.6 and shows the control unit elements. 
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Figure 3.6:  PFWP system architecture 
The process parameters are entered via the HMI for the coring and welding 
processes.  For the coring operation only the spindle speed and the depth of 
cut are programmed.  For the welding operation it is possible to program two 
stages, where the spindle speed, axial force and upset distance are set for 
two consecutive stages.  The forging force and forge time is then also set.  
The equipment can also be manually operated where the axial position and 
rotation of the spindle can be manipulated.  Another function that the HMI 
performs is the recording of the motor speed, upset distance, motor torque 
and hydraulic pressure relative to the weld time during welding. 
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3.6.4 Equipment Overview 
The main operating features of the equipment are as follows: 
• Fully automated control of coring / welding operations 
• Welding unit frame designed to mount to round section pipes of 
between 270[mm] and 470[mm] in diameter 
• Welding unit operates on pipe remotely from the control unit to 
distance of 10[m] (This can be extended) 
• Welding unit can operate in any orientation 
• Modular arrangement of welding unit to facilitate easier setup of 
equipment 
• Rotary drive by electric servomotor 
• Axial motion of the spindle by hydraulic actuators 
• Maximum tool rotary speed of 6000[rpm] 
• Maximum axial tool loading of 40[kN] 
• Axial travel of 100[mm] 
3.7 Axial Force Calibration 
A hydraulic pressure value is entered into the HMI for selection of the axial 
tool loading.  In order to select the desired axial force setting the pressure 
value conversion to the actual axial force must be known.  To obtain this we 
made use of a simple purpose built force transducer.  This transducer is 
shown in Figure 3.7 and makes use of a full Wheatstone bridge configured 
for axial force measurement. 
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Figure 3.7:  Axial force measurement transducer 
This loadcell was calibrated in a tension/compression testing machine to 
obtain a force versus strain curve.  Figure 3.8 shows the resultant curve for 
the axial load versus the microstrain measurement for the force transducer.  
As can be seen the transducer gives a near 100% linear response. 
The force transducer was then used to determine the pressure to force 
setting values.  It was mounted axially below the tool holder of the spindle 
and loaded in increments up to an input pressure setting of 80[bar]. 
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Figure 3.8:  Axial Force versus transducer microstrain value 
Making use of the data in the graph of Figure 3.8 we were then able to 
determine a graph for the PFWP as shown in Figure 3.9. 
 
Figure 3.9:  Axial Force versus input pressure value 
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The graph in Figure 3.9 can then be used to determine what input pressure 
value should be entered at the HMI for a specific required axial force 
magnitude.  It was also found that the input pressure value did vary from the 
value displayed at the pressure sensor on the working unit.  This pressure 
variation was recorded and has been included as an extra curve in Figure 
3.9.  This is merely for reference when conducting process trials as the 
pressure sensor display is clearly visible for visual monitoring. 
3.8 Process Monitoring Systems 
For initial testing of the PFWP the monitoring of process parameters was 
achieved by viewing the recorded log files from the drive controller and 
hydraulic sensor via the HMI unit.  This provided weld time, supply oil 
pressure, position (upset), rotational speed and torque data.  This data was 
sufficient for the initial testing and test welds produced.  However, for the 
purpose of weld trials, for the process development phase of the research, 
the data quality would not allow optimum analysis of the weld process.  This 
was due to three factors.  The sampling rate of the drive was only 1Hz; the 
torque data was the output value from the drive and not the actual tool 
torque; and the pressure value was the supply to the cylinders and not the 
actual tool force. 
From the above it became obvious that a more accurate means of monitoring 
the weld parameters was required.  The parameters of importance are the 
tool rotational speed, axial position of the tool, tool torque and tool axial 
downforce.  The speed and the axial position of the tool could be accurately 
monitored via the motor encoder and the LVDT.  This left the torque and 
downforce values which would require their own independent monitoring.  
The decision was made to design a custom loadcell utilising strain gauges 
that could isolate the downwards and torque forces.  This was due to the fact 
that standard loadcell units were either too bulky to fit the platform or their 
cost was deemed too high. 
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Figure 3.10 shows a cross sectional view of the final custom built process 
monitoring loadcell.  This loadcell was used with the PFWP while the platform 
was in its test bench mounted position for process development trials.  The 
downwards axial tool force is transmitted through the axial force loadcell, 
onto the axial force loadcell base and in turn onto the thrust bearings in the 
fixed housing.  This arrangement allows unconstrained rotational movement 
of all components from the axial force loadcell base and above.  The torque 
loadcell is coupled to the inside of the axial force loadcell just below the 
mounting base, and to the torque coupling at the base cap by using a torque 
expansion ring which constrains the torque loadcell in a rotational direction at 
its base.  The torque coupling allows a sufficient amount of vertical 
movement to prevent any axial force from being transmitted through the 
torque loadcell.  This effectively ensures that both measurement components 
are isolated and should not interfere with the other. 
The two measuring components of the loadcell were calibrated 
independently.  The axial force loadcell was initially calibrated by making use 
of a tensile testing machine to accurately axially load the unit.  From this test 
an actual axial force versus strain reading calibration was obtained, shown in 
Figure 3.12.  After installing the loadcell in the test position another axial 
force calibration check was conducted by making use of the force transducer.  
The setup of which is shown in Figure 3.11. Similarly, the torque 
measurement of the loadcell was also calibrated in position by use of a 
torque arm.  A known torque value was applied to the loadcell via the arm 
and a torque versus strain reading calibration equation was then obtained, 
shown in Figure 3.13. 
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Figure 3.10:  Cross-section view of process monitoring loadcell arrangement 
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Figure 3.11:  Setup for the axial force calibration check of the process monitoring 
loadcell 
 
Figure 3.12:  Calibration curve for the loadcell axial force measurement 
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Figure 3.13:  Calibration curve for the loadcell torque measurement 
The linear average curves for the axial force and torque versus strain 
measurement values, as obtained in the graphs of Figure 3.12 and Figure 
3.13, will be used for the torque and axial forces values reported during 
process monitoring. 
3.9 Discussion 
Upon completion it appears that the PFWP has achieved the design 
specification requirements that were set for the equipment.  It must be 
remembered that the processes that this work has set out to achieve still 
require development.  As discussed throughout this chapter a number of 
assumptions had to be made in an attempt to define the equipment 
specification.  As such it remained to be seen whether these specifications 
were sufficient for the equipment to carry out the required processes.  This 
fact would only be revealed during the development of the core removal and 
hole plugging operations which will be covered in Chapters 4 and 5. 
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CHAPTER 4 DEVELOPMENT OF THE CORE RETRIEVAL 
PROCEDURE 
The first process development step is the implementation of a core retrieval / 
removal procedure, with this chapter detailing this development work.  The 
retrieval of a core sample is an important component for this research as our 
primary objective is to contribute to an improved creep condition monitoring 
technique.  Analysis of the core sample will provide improved creep condition 
data of thick walled HTP components, therefore it is vital that a procedure is 
developed that will allow for the successful retrieval of a cored sample from a 
blind-hole. 
4.1 Introduction 
Development of the coring and welding platform has been completed with the 
PFWP fully operational. Required now are the necessary tools and a 
procedure for removal of the core sample.  The generalised core sample 
dimensions were detailed in the previous chapter, section 3.4.1.5, and will 
ultimately govern the geometry of the hole that will require plugging.  It is 
therefore important to firstly achieve successful core removal in order to 
reveal the final hole geometry for the development of the welding procedure. 
Initial investigations into coring operations, as performed by a single axis 
machine, such as the PFWP, revealed that they require that the coring tool 
must fully penetrate the workpiece in order to ‘free’ the core for removal.  On 
a machine such as a milling machine, which has more than one axis, the 
ability to traverse its rotary axis makes it possible to undercut the core to 
facilitate its removal.  This is not possible with the PFWP which only has one 
axis (axial motion along its rotary axis).  Therefore an alternative means is 
required to ‘free’ the core from the blind hole.  It must be noted that it was 
identified that it may be possible to make use of an electro discharge 
machine to undercut the core but this approach is not without its problems.  
The EDM process makes use of a dielectric liquid which requires 
containment, thus complicating the process.  Applying the EDM process to a 
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pipe at elevated temperatures would also be problematic.  However, the 
biggest drawback is the fact that it would require an extra item of equipment 
to create and/or undercut the core.  The PFWP was specifically designed to 
perform the coring operation in order to avoid the need for further equipment.  
It was thus decided that electro discharge machining would be considered as 
a last resort. 
The PFWP will need to make use of traditional rotary cutting techniques to 
perform the coring retrieval operations.  The first step was to identify any 
production cutting tools that could perform our coring and core removal 
operations.  Failing this, customised tools would require development. 
4.2 Identification of Existing Tools 
Making use of the initial geometric feature dimensions (as detailed in section 
3.4.1.5) enquiries were made at a number of national and international 
cutting tool manufacturers.  These enquiries failed to reveal any commonly 
available cutting tools that would be able to produce a blind cored tapered 
hole with dimensions close to requirements.  Coring tools were identified that 
could produce a tapered hole with a core of diameter of 8[mm] but the 
resultant hole face diameter would be well beyond our specified maximum of 
12[mm] (where the torque capability of the PFWP would be exceeded).  A 
rotary cutting tool was located that could produce a parallel-sided circular 
cored hole with a core diameter of 6.8[mm].  This four fluted core drill cutter 
can be seen in Figure 4.1.  A number of these cutters were purchased for 
testing. 
 
Figure 4.1:  Parallel sided core drill cutter 
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Following the search it was decided that the only option available was to 
attempt to have a customised tool or tools produced. 
4.3 Development of Customised Tools 
The development of the customised tools occurred in two phases.  An initial 
set of tools was developed and tested.  This set of tools will be referred to as 
‘Toolset 1(1)’.  A tool in this set was substituted for the set to be designated 
as ‘Toolset 1(2).  Then using the experience gained, an improved set of tools, 
‘Toolset 2’, was developed.  Toolset 2 has shown to be a more robust 
solution that Toolset 1 and as such will be used to implement the core 
sample retrieval and hole finishing procedure. 
4.3.1 Hole Geometry Selection 
For purposes of selecting a hole geometry reference was made to the TWI[11] 
feasibility study as well as the study undertaken by Meyer[78].  These were 
the only two available sources of geometrical data.  Characteristics of their 
welds with reference to geometry were assessed to allow for the selection of 
geometrical dimensions for this application.  However, there were a number 
of limitations with these studies that negated the direct use of their 
geometries. 
Firstly, the TWI welds were dimensionally smaller and shallower requiring 
scaling to allow for our larger cavity.  In section 3.3.4 the TWI geometry was 
detailed but can be summarised as follows.  They made use of two hole-tool 
taper combinations; 20°-15° and 15°-10°, with the majority of their welds 
using the 20°-15° combination (hole taper of 20° - tool taper 15°).  They do 
not indicate the reason for the selection of the 20°-15° combination, merely 
stating that it was made based on previous experience at TWI of welding with 
large studs.  The face diameter of their hole was 8[mm] with a base radius of 
1mm and a hole depth of 12[mm] maximum. 
Meyer[78] conducted his study primarily making use of the FHPP geometry 
and a limited number of tests conducted on tapered hole and tool 
combinations (only 4 welds being made with tapered configurations).  Also, 
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he does not indicate detailed geometry dimensions for these welds, merely 
stating that he altered the hole taper from 0° to 30° and the tool taper from 0° 
to some maximum angle not specified.  Further limiting the usefulness of his 
study to this application was the fact that each combination was only welded 
making use of one parameter combination.  However, one outcome worth 
noting is that all the configurations achieved similar tensile strength test 
magnitudes, all within less than 5% of the parent material strength, and all 
failures occurring outside of the weld material.  This seems to indicate that 
the geometry effect has a relatively small influence on the bond strength as 
long as a full bond is achieved. 
Based on the lack of available literature and the fact that TWI are the 
inventors of the FHPP and FTSW processes, it should be relatively safe to 
assume that they should be the leaders in this field.  It was therefore decided 
to make use of their FTSW hole geometry as closely as possible.  The 
suitability of the geometry will only be confirmed during the weld trials. 
The following geometrical hole dimensions were selected: 
• 20° hole taper (TWI dimension) 
• 35[mm] maximum hole depth (For tool design purposes) 
• 25[mm] typical hole depth (Based on a 40[mm] pipe wall thickness) 
• ⌀10[mm] hole face diameter (Scaled up from TWI dimension) 
• 2[mm] base radius (Scaled up from TWI dimension) 
4.3.2 Customised Toolset 1 
A metal working tools supplier, ISCAR South Africa, was approached to 
assist in the development of coring tools.  They were requested to produce 
tools to produce the cored hole and also to finish the hole after the core has 
been removed.  Figure 4.2 shows the hole configurations for which cutting 
tools were requested. 
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Figure 4.2:  Hole configurations for tooling 
It was envisaged that for the removal of the core a method would be required 
to slightly undercut the core at its base.  This undercut groove would form a 
notch that would force breakage at the base of the core column.  The 
breakage would be brought about by forcibly manipulating the core.  This 
groove forming tool was custom designed and will be discussed in more 
detail in section 4.3.1.3. 
4.3.2.1 Description of Toolset 1(1)  
Toolset 1(1) was made up of 4 individual cutting tools, which can be seen in 
Figure 4.3.  The tool manufacturer supplied the tools A1, A2, A5 and the 
cutting insert for tool A3. 
 
Figure 4.3:  Toolset 1(1) core retrieval tools 
Tools A1, A2 and A5 are merely custom made trepanning tools made up of a 
holder with a replaceable cutting insert.  Tool A3 performs the undercut 
groove cutting operation. 
A1 A2 A5 
A3 
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4.3.2.2 Operational Steps for Toolset 1(1) 
Figure 4.4 shows the hole geometries produced by Toolset 1(1).  As can be 
seen it is a 5 stage process that enables the core retrieval and final hole 
geometry for plugging. 
 
Figure 4.4:  Cutting operation steps for Toolset 1(1) 
The initial cored hole is produced by tool A1.  The maximum depth of this 
hole is 20.9[mm] in order to limit the final hole face diameter to 10[mm].  The 
taper is then cut by tool A2.  Figure 4.5 shows the cored and tapered hole at 
the completion of the A2 operation. 
 
Figure 4.5:  Cored hole by Toolset 1(2) prior to core removal 
Following A2 the undercut groove is formed by tool A3 and the core removed 
by manipulation.  Tool A5 is then used to finish the hole that is then ready for 
plugging.  The toolset allows for the retrieval of a 7[mm] diameter core 
approximately 20[mm] long.  A longer core could feasibly be retrieved but the 
hole face diameter would then be enlarged requiring increased torque to 
perform the plugging operation. 
4.3.2.3 Machine Mounted Groove Cutter Tool 
The individual components of the undercut groove cutting tool are shown in 
Figure 4.6. 
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Figure 4.6:  Machine mounted groove cutter tool 
[A3/B3/C3 operations] 
The tool is mounted in the PFWP and lowered into position in the hole, 
shown in Figure 4.7.  The spring tension nut is then tightened to bring the tip 
of the cutting insert inwards until contact is made with the side of the core.  
The tool is then rotated a number of times by the PFWP spindle.  Rotation is 
then stopped and more tension applied by adjusting the nut.  This procedure 
is repeated until the max travel is reached by the insert, this being the 
maximum groove depth of roughly 0.6 to 07[mm]. 
 
Figure 4.7:  CAD model of groove cutter in position in cross-sectioned hole 
Tension is then removed from the spring and the groove cutter is retracted.  
The core is the forcibly manipulated to initiate breakage and retrieval.  Figure 
4.8 shows a retrieved core and the breakage position at the groove. 
Cutting Insert 
Tool Holder 
Body 
Spring Tension Nut 
Guide Rod 
Tension Spring 
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Figure 4.8:  Core sample as retrieved by Toolset 1 
4.3.2.4 Shortcomings of Toolset 1(1) 
Some problems were experienced during the testing of Toolset 1(1).  A 
characteristic of the trepanning operation is that it introduces an eccentric 
load during the cutting operation.  This creates an imbalance which causes a 
rocking motion to be imparted to the PFWP which was merely designed to 
support an axial load only.  As can be expected this rocking motion resulted 
in tool breakages being experienced.  Figure 4.9 shows an example of one of 
these breakages. 
 
Figure 4.9:  Example of trepanning tool cutting insert breakage 
It was found that the majority of tool breakages were experienced during the 
first cutting operation with tool A1.  This can be attributed to the fact that the 
tool A1 insert has the smallest cross-section.  Very few breakages were 
experienced with tool A2 and were usually attributed an overly high feedrate.  
No breakages occurred with tool A5. 
The number of breakages experienced was unacceptably high and as the 
axial force could not be further reduced to limit the breakages an alternative 
solution was required to perform the coring operation.  This led to tool A1 
being replaced to form Toolset 1(2). 
Groove 
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4.3.2.5 Description of Toolset 1(2) 
In Toolset 1(2) tool A1 from Toolset 1(1) has been substituted by the 
previously mentioned fluted core-drill cutter (B1/C1).  The other tools remain 
unchanged from Toolset 1(1). 
 
Figure 4.10:  Toolset 1(2) core retrieval tools 
It must be noted that the core-drill cutter does produced a slightly smaller 
diameter core of 6.8mm. 
Figure 4.10 shows Toolset 1(2).  As can be seen the tools A2, A3 and A5 
have been re-designated.  This is merely for the following purposes of 
describing the operational steps for Toolset 1(2). 
4.3.2.6 Operational Steps for Toolset 1(2) 
Figure 4.11 shows the hole geometries produced by Toolset 1(2) and as can 
be seen it is still a 5 stage process as for Toolset 1(1). 
 
Figure 4.11:  Cutting operation steps for Toolset 1(2)a 
[Short core, 10mm hole face diameter] 
B1
C1 B2
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The major difference is that the core-drill cutter creates a cored hole which 
has an outer diameter of 16[mm], whereas tool A1 creates an outer diameter 
of 15[mm] for the cored hole.  The effect of this increased diameter is that the 
initial cored depth (B1) must now be limited to 17.5[mm] in order to maintain 
a final hole face diameter of 10[mm] (B5).  Therefore the retrieved core now 
has a length of approximately 16.75[mm]. 
4.3.2.7 Shortcomings of Toolset1(2) 
The exchange of tool A1 to the core-drill cutter (B1/C1) was an improvement 
in terms of tool breakages experienced.  However, tool B1/C1 did experience 
a limited number of breakages as shown in Figure 4.12.  Although these 
breakages were seldom experienced they were more problematic than the 
breakages experienced by tool A1 due to the fact that removal of the 
breakage from the hole was difficult. 
 
Figure 4.12:  Core drill cutter breakage examples 
As previously stated the tool change resulted in a shortened core sample 
length.  Figure 4.13 shows that to keep the core sample length the same as 
for Toolset 1(1) the final hole face diameter would be 11.9[mm].  As 
previously stated, initial torque capability tests for the PFWP revealed that 
10[mm] is a safe maximum working diameter.  This is therefore not an option 
with the current spindle motor capability. 
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Figure 4.13:  Cutting operation steps for Toolset 1(2) 
[Full length core, oversize hole face diameter] 
4.3.2.8 Conclusions from Toolset 1 Development 
Ultimately the development work conducted throughout Toolset 1 
successfully showed that it is feasible for the PFWP to retrieve a core sample 
from a blind hole.  However, due to the problems experienced with tool 
breakages, it was felt that further tool development is required.  This work 
should aim to limit tool breakage and allow for the retrieval of a core sample 
with a minimum length of 20[mm]. 
4.3.3 Customised Toolset 2 
For the development of this toolset it was felt that not only were 
improvements in the coring tools required but that the groove cutting and the 
core removal operations could also be improved. 
At this stage another metal working tool manufacturer, Guhring SA, was 
approached for assistance.  A concept tapered hole core cutting tool, shown 
in Figure 4.14, was submitted to them for evaluation and development. 
 
Figure 4.14:  Concept taper core cutter tool 
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It was envisaged that the tool will shorten the coring operation by removing 
the need for the taper cutting operation, as used by Toolset 1.  Importantly 
though the tool should be more robust due to the fluted cutting edge on the 
shank of the tool.  This increased cutting edge should reduce the cutting load 
compared to the core-drill cutter thereby reducing the incidence of tool 
failure. 
A further redesign was also done to the groove cutting tool.  The concept of a 
manually hand operated groove cutter was implemented which simplified the 
operation. 
Finally, for the removal of the core, a tool was made that limited damage to 
the core shank by concentrating the breakage force at the groove. 
4.3.3.1 Description of Toolset 2 
Figure 4.15 shows the 4 tools that make up Toolset 2.  Tool D1 is the tapered 
hole core cutter, D2 the undercut groove cutting tool, D3 the core removal 
tool and D4 the hole base finishing tool.  D4 is a standard off-the-shelf 8[mm] 
diameter end mill cutter mounted in a suitable toolholder for the PFWP. 
 
Figure 4.15:  Toolset 2 core retrieval tools 
D1 
D2 D3 D4 
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4.3.3.2 Operational Steps for Toolset 2 
Figure 4.16 shows the operational steps for Toolset 2.  As can be seen the 
initial tapered core hole is cut to a depth of 25[mm].  This allows for the 
retrieval of a core of at least 24[mm] in length. 
 
Figure 4.16:  Cutting operation steps for Toolset 2 
As stated due to the design of the tapered hole core cutter the hole is cut to 
the required 25[mm] during the first operational step, therefore a standard flat 
faced end mill can be used to finish the base of the hole (D4). 
4.3.3.3 Tapered Core Cutter 
After the concept tapered hole core cutter was submitted to Guhring they 
made some minor modifications and coring tests were conducted with the 
tool.  Initially some tool breakages were experienced but with the addition of 
the chip breaker grooves along the flutes this problem was solved.  Figure 
4.17 shows the final custom made tapered hole core cutter. 
 
Figure 4.17:  Custom made tapered hole core cutter 
This cutter proved vastly more robust than the tools of Toolset 1 and also cut 
down on the time required for the coring operation. 
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4.3.3.4 Manually Operated Groove Cutter 
As mentioned the undercut groove cutter was changed from a machine 
operated setup to an operation performed by hand.  Figure 4.18 shows the 
groove cutter.  As can be seen it consists of a holder and cutting insert 
assembled by a pivot bolt.  A rod can be inserted through the hole of the 
holder to aid in hand rotation of the tool during use. 
 
Figure 4.18:  Manual groove cutter 
After the coring operation is completed (D1), the groove cutter tool (D2) is 
inserted into the hole.  The core is thereby located inside the holder.  The 
principle of operation is that the insert is shaped such that when the tool is 
now depressed into the hole the core causes the cutting insert to be rotated 
such that the cutting tip moves inwards at the base of the core.  The tool is 
now rotated to perform the cutting of the groove. 
 
Figure 4.19:  Manual groove cutter with test stubs 
[Close-up view of resultant groove] 
Initial tests with shaft stubs (simulating the core) showed sufficient cutting 
action can be achieved to form a groove, see Figure 4.19. 
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4.3.3.5 Core Removal Tool 
During Toolset 1 development concerns were raised about possible 
damaged of the core during its removal.  To address this concern a tool was 
designed that supports the core during removal. 
 
Figure 4.20:  Cross-section view of extraction tool 
Figure 4.20 shows a cross-sectioned view of the tool (D3) when in position 
before the core is removed.  The tool supports the core and when leverage is 
applied to the tool it concentrates the load to cause breakage at the groove 
limiting damage to the core sample above the groove.  It was found that 
applying a circular motion to the tool brought about breakage at the groove 
with minimal effort. 
4.3.3.6 Conclusions from Toolset 2 Development 
Development of Toolset 2 brought about a number of improvements, namely: 
• More robust tapered hole core cutting operation 
• A single cutting operations for coring 
• Reduced cutting tool breakages 
• Simplified groove cutter 
• Improved core extraction by use of extraction tool 
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It must also be noted that due to the design of the tapered hole core cutter 
the hole depth can be increased to as much as 35[mm] without influencing 
the final hole face diameter.  This allows for increasing the core sample 
length that can be extracted.  Of course the groove cutter and core extraction 
tool will require modification but this can easily be done. 
4.4 Discussion 
Toolset 2 will be used to implement the core retrieval and hole preparation 
procedure for the remainder of this work.  The hole shape is now defined that 
requires plugging by the FTSW procedure, as shown in Figure 4.21. 
 
Figure 4.21:  Hole geometry for repair by FTSW technique 
It is noted that it may be found during the development of the plugging 
procedure that dimensional changes to the hole are required by the FTSW 
process.  This should however not require any conceptual changes to the 
toolset, merely being dimensional changes that will only require re-
manufacturing of the tools. 
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CHAPTER 5 DEVELOPMENTAL STRATEGY FOR THE HOLE 
PLUGGING PROCEDURE 
In Chapter 4 the core retrieval procedure was detailed.  The next procedure 
is the restoration of the retrieval site.  As stated this will be performed by 
means of the FTSW process.  In order to develop the welding procedure 
suitable parameters must be determined that will achieve an acceptable hole 
plugging repair.  This chapter will detail the developmental strategy taken, as 
well as the experimental setup used for the development of the FTSW 
parameters.  The ultimate objective of this work is producing a Welding 
Procedure Specification (WPS) for the hole plugging operation. 
5.1 Weld Procedure Development Methodology 
To apply any welding operation in a controlled environment such as a power 
generation facility a Welding Procedure Specification (WPS) is required, 
which is a formal document describing the welding procedures.  The purpose 
of this WPS document is to detail the accepted procedures that will produce 
known repeatable welds.  A WPS must be supported by a Procedure 
Qualification Record (PQR), which is a record of test welds performed and 
tested to ensure that the procedure will produce welds of acceptable quality.  
The weld tests that will be conducted here in effect form the PQR for the 
WPS.  First we need to define the methodology that will be applied in order to 
generate a WPS for the weld process. 
5.1.1 Process Development Approach 
Ordinarily existing literature could be consulted in order to select process 
parameters for a welding operation.  However, available and relevant 
documented FHPP / FTSW process data is not accessible.  The data that is 
available is limited in that it is material and geometry specific and cannot be 
directly applied to this work.  It can however be used as a guide to determine 
an initial test parameter matrix operating window.  Therefore a number of 
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weld trials will be required to firstly identify suitable parameters that can be 
used to conduct the PQR test welds. 
 
Figure 5.1: Weld Procedure Development Methodology 
Figure 5.1 shows an overview of the development methodology that will be 
applied to produce a WPS for our process.  As depicted the first step will be 
establishing a process parameter operating window.  This will be covered in 
section 5.2.3.  A series of test welds will be undertaken in 3 phases.  An 
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initial test weld matrix will be performed within the parameter window.  These 
welds will be sectioned to evaluate the bonding and presence of any 
discontinuities, such as voids.  It is envisaged that a parameter envelope 
should exist where acceptable welds can be obtained.  If this is not found 
then the parameter window will be reassessed.  The parameters within the 
acceptable envelope will then be used to conduct a second test weld matrix, 
which will be referred to as the ‘refined’ test weld matrix.  An extra process 
variable will have to be included in this series of welds, namely preheating.  A 
welding requirement of 200°C to 250°C preheat is specified for the test 
material, 10CrMo9-10.  Again these welds will be assessed by macrographs.  
From these welds a final selection for welding parameters should be 
possible.  These parameters can then be used to complete the required 
number of identical welds for the PQR tests.  If the PQR test welds are not 
accepted then the selected parameters can be re-evaluated and another set 
of welds performed for testing.  Alternatively the refined matrix may require 
re-welding at alternative parameters.  However, if the PQR test weld results 
conform to accepted specification a WPS can then be specified. 
5.1.2 Relevant Process Parameters 
In Chapter 3 the process parameters were mentioned, namely the tool 
rotational speed; tool axial force; upset distance, feed rate and the tool / hole 
geometry.  Viewing each parameter individually: 
• Tool / hole geometry:  The geometries have been fixed as per Figure 
4.21 in Chapter 4 
• Feed rate:  The feed rate of the consumable tool during welding is not 
a parameter that we should be attempting to control.  This is due to the 
fact that the heat input rate will govern the feed rate and this heat input 
rate is dependent on the tool rotational speed, axial force and material 
properties.  It must just be ensured that the PFWP is merely able to 
maintain a feed rate that ‘keeps pace’ with the required tool 
consumption rate, i.e. the axial tool force can be maintained. [This has 
been illustrated during subsequent weld trials performed on aluminium 
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by the PFWP that the machine feed rate is insufficient to keep up with 
the processing rate of the tool material, consequently the axial force 
cannot be maintained] 
• Upset distance:  The effect of the upset distance will not be assessed.  
It will merely be ensured that the upset distance will be set to ensure 
an overfilling of the hole occurs.  To verify this the first weld performed 
at the selected upset distance will be sectioned to ensure a completed 
fill has been achieved 
• Tool speed:  The effect of this parameter will be assessed.  A study by 
Meyer[78] did conclude that the influence of the rotational speed is 
significantly lower than in conventional FRW welding but it does 
however have an influence 
• Tool Force:  The effect of this parameter will be assessed 
A further process parameter that has not been mentioned is the forge force.  
This force, applied after rotation has been stopped, allows consolidation of 
the weld.  However, Meyer[78] concluded in his study that the influence of the 
forging force is limited in the FHPP/FTSW process, as opposed to 
conventional FRW where it has a major influence.  This he stated was due to 
the fact that its effect is limited to the upper area of the weld, near the surface 
or final rubbing interface.  For this study the forge force will be set at 10[kN] 
for a period of 20 seconds to allow weld consolidation. 
5.1.3 Process Variables 
The process variables will be discussed within each testing phase as some 
variables such as material and coupon geometry do vary. 
5.1.4 Process Evaluation Approach 
Process evaluation will vary between each test weld phase of the 
development procedure.  These individual phases being the initial test weld 
matrix; the refined test weld matrix; and the PQR welds.  Table 5.1 shows 
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what evaluation techniques will be used during each testing phase.  The 
evaluation method for each phase will be discussed in the following sections. 
Testing Phase Analysis Type 
Initial test weld 
matrix 
• Macrograph evaluation (discontinuity identification, 
bond line evaluation) 
Refined test 
weld matrix 
• Process data evaluation (tool speed, tool force, tool 
torque, upset distance) 
• Macrograph evaluation (defect identification, bond 
line evaluation, HAZ assessment) 
• Tensile tests 
PQR welds • Macrograph 
• Hardness tests 
• Bend tests 
• Tensile tests (Ultimate tensile strength (UTS), 
position of fracture, i.e. parent material, HAZ or weld 
material) 
Table 5.1:  Process analysis for each test phase 
It must be noted that hardness tests have not been included in the initial and 
refined matrices due to the requirement of a stress relieving post weld heat 
treatment process.  However, hardness tests of the PQR welds will be 
included in the testing as they are a typical requirement of welding codes. 
5.1.5 Methodology Discussion 
It is acknowledged that this methodology may not lead to the determination of 
fully optimised process parameters for applying the FTSW process in 
10CrMo9-10 material.  However, our objective here is to perform a repair that 
will provide an acceptable restoration of the creep sample retrieval site by 
means of the FTSW within our operational constraints.  Ultimately this will 
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allow the use of the FTSW process with its inherent advantages over 
traditional fusion welding repairs (as discussed in Chapter 2).  We are limited 
within this work to being able to only vary the tool speed and tool force.  The 
geometry is defined due to the sample retrieval procedure and the machine 
limits have been defined by the PFWP design.  Due to these limitations fully 
optimised parameters are therefore not a realistic outcome; however what 
can be stated is that the final selected parameters here should be the 
optimum for our process constraints. 
Further studies will be required to develop fully optimised parameters which 
will include assessing variables such as the effects of tool and hole 
geometry, expanded machine capability (increased torque and axial tool 
force capacity), forge force effects, the varying of tool speed and force during 
a welding cycle, and the use of alternative filler materials (consumable tool).  
Performing these studies would be the subject of individualised research 
projects. 
5.2 Experimental Test Setup 
All experimental test welds will be performed by the PFWP, allowing 
qualification of the machine and process.  However, for the weld test, welds 
will be performed on specially prepared test coupons and not on an actual 
pipe.  This is to allow for easier evaluation of the welds.  Welds on a pipe will 
be performed after the completion of the WPS.  Therefore a setup is required 
for positioning of the PFWP equipment and the test coupons. 
Note that for our purposes the test block containing the tapered hole to be 
welded will be referred to as the ‘coupon’, and the FTSW consumable tool 
merely as the ‘tool’.  A completed test weld will be referred to as a ‘weld 
coupon’. 
5.2.1 Test Platform Setup 
Figure 5.2 shows the experimental setup as used for all testing phases.  As 
can be seen the PFWP has been positioned above and mounted to a 30[mm] 
thick steel mounting base via 4 sets of spacer inserts.  The mounting base is 
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used to resist deflection during welding due to the axial tool load.  During the 
initial testing the platform was mounted to a 10[mm] steel table top which 
would deflect under the axially applied tool load.  This deflection effectively 
reduces the offset value since the coupon would move downwards with the 
table top hence necessitating the 30[mm] mounting base. 
The torque and axial force loadcell is fixed to the mounting base in axial 
alignment with the spindle axis.  A clamping base is fastened to the top of the 
loadcell which allows for the positioning and clamping of the test coupons by 
means of four bolts with locking nuts.  These positioning and clamping bolts 
are shown in Figure 5.3 securing a typical test coupon.  For purposes of 
welding a preheated test coupon an asbestos backing is inserted between 
the coupon and clamping base.  There is also an insulating insert between 
the loadcell and the clamping base made of grade 6G/92 TUFNOL™ to limit 
heat transfer to the loadcell during welding. 
This setup was found to be adequately rigid and has been used to complete 
a number of studies which are in progress of being documented. 
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Figure 5.2: PFWP Experimental Test Setup 
PFWP 
Test Coupon 
Consumable Tool 
Torque & Axial 
Force Loadcell 
Mounting Base Clamping Base 
Spacer inserts 
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Figure 5.3: Test Weld Coupon Setup 
5.2.2 Process Data Monitoring System 
The monitoring of process data was achieved by viewing the recorded log 
files from the drive controller and hydraulic sensor via the HMI unit.  This 
provided weld time, differential oil pressure, position (upset) and rotational 
speed.  Further to this a torque and axial force loadcell was fixed to the 
mounting base in axial alignment with the spindle axis for the recording of the 
axial force and the torque transmitted during the weld.  Reference can be 
made to Chapter 3, section 3.8 for a full description of the process monitoring 
system employed. 
5.2.3 Process Parameter Window Identification 
Before any development welds can be performed a process parameter 
window must be identified.  Again the lack of published data means that only 
three reference sources were available to consult with regards to process 
parameters.  These were the TWI[11] report, the study by Meyer[78] and the 
study by Bulbring[93].  Each of these studies has some relevance to this work 
but also have limitations in terms of application to our process variables, 
specifically tool-hole geometry and material.  The relevance of these studies 
can be summarised as follows: 
Positioning and 
Clamping Bolts 
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5.2.3.1 TWI Study[11] 
TWI used different materials to perform their study, EN19T 709M40 (AISI 
4140) steel and 410S21 (X12Cr13) martensitic stainless steel.  The EN19T is 
a CrMo steel but is a medium carbon steel (0.35%-0.45%) whereas our 
material is a low carbon steel (<0.18%) with higher quantities of chromium 
and molybdenum.  They used both FHPP and FTSW geometries but of 
significantly smaller dimensions as to those required by this study, and the 
conversion of their axial load and speed parameter settings is uncertain due 
to these geometrical differences.  A further limiting factor is that their FTSW 
process window was very small with basically only 5 sets of parameter used 
for 17 welds (9 with EN19T and 8 with 410S21, but essentially only the 9 
EN19T welds are relevant to this work).  The study did however show that 
the FTSW process is feasible when applied to a CrMo material. 
The reader can refer to section 3.3 for a review of the TWI study but, suffice 
to say, limited value could be drawn from the report for direct application 
here.  Ultimately the report was merely used to assist in the design of the 
welding platform (PFWP). 
5.2.3.2 Meyer Study[78] 
Meyer used primarily API 5L X65, a HSLA steel (ASTM A694 P65) to conduct 
his study.  What makes his findings of limited value to this study is the fact 
that he used the parallel sided FHPP geometry for his welds, specifically a 
10[mm] diameter tool.  Also, he reports the tool axial force as a hydraulic 
pressure differential across the piston, with no piston detail to determine the 
resultant force.  In terms of FTSW geometry he merely did three welds to 
investigate tapered tool and hole combinations.  Further limiting the 
usefulness of these tests is that he does not give detailed geometry data for 
the tool and hole combinations used.  What he does state is that the tapered 
hole usually gives a wider welding parameter tolerance which would benefit 
thin walled structures. 
This study provided no directly applicable data for our purposes; it did 
however provide some valuable insight into the influence of the process 
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parameters, albeit in a different material to ours.  Important observations were 
the fact that: 
• The hole geometry has a greater influence on the bonding quality 
than the tool geometry 
• The influence of the rotational speed is significantly lower in FHPP 
than conventional FRW, but higher speeds do produce higher heating 
times with resultant larger HAZ 
• Increasing the axial force increases the upset rate giving shorter 
heating times and smaller HAZ 
• Weld mechanical properties approved the FHPP for classification 
standard requirements 
5.2.3.3 Bulbring Study[93] 
Of the three studies the study by Bulbring will have the most relevant data 
with regards to this work, as his study was conducted at the same facility 
where he made use of the purpose built equipment (PFWP) to conduct his 
weld trials.  Also, collaboration was entered whereby he made use of similar 
hole-tool geometries to that used for this study.  This would make his process 
data more applicable for our purposes and vice versa.  Differences were his 
study was to make use of EN19T 709M40 (AISI 4140) material and his welds 
were only 16[mm] deep.  At the time of this writing his full test result finding 
had not been published but his process window setup was available. 
Spindle Speed 
[rpm] 
Tool Force 
[kN] 
Upset 
[mm] 
2500 10.7 4 
4250 20.8 6 
6000 27.3 8 
Table 5.2:  Bulbring study process parameter window 
Bulbring made use of this study’s experience with initial equipment test welds 
and his own tests to ultimately obtain the process window as shown in Table 
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5.2.  It must be noted that the speed and force ranges selected are in reality 
equipment dependant.  This is due to the fact that during testing of the PFWP 
it was found that welds attempted below 2500[rpm], as well as welds with 
axial force above 27.5[kN], produced excessive torque that causes motor 
stalling. 
Bulbring’s process window included varying the upset distance but for our 
purposes this will be kept constant, merely being set to achieve a complete 
fill of the hole volume. 
5.2.3.4 Conclusions 
The selection of a process window for our initial test weld matrix will conform 
to similar ranges as used by Bulbring, basically covering the full capability of 
the PFWP equipment. 
Tool speed will be varied from 3000[rpm] to 6000[rpm] (maximum capacity 
for PFWP).  3000[rpm] was selected as the minimum value so as to avoid 
excessive torque.  Also, conventional friction welding theory[43] states that the 
relative velocity required at the faying surface of a friction weld to produce 
sufficient heat must be at least 1.27[m/s].  If we calculate for our tool face 
diameter of 9[mm], then the rotational speed required is 2695[rpm]. Our 
selection of 3000[rpm] will therefore produce sufficient relative velocity to 
conform to conventional friction welding theory. 
The axial tool force will be varied from 5[kN] to 25[kN].  The maximum force 
could be extended to 27.5[kN], however that would be operating the PFWP 
close to its maximum torque output where stalling the motor becomes of 
concern.  In conventional friction welding theory[43] the minimum welding 
force required is 41.4[MPa], expressed as pressure at the weld area.  Then 
the minimum tool force of 5[kN] will provide 78.6[MPa], which may seem high 
but remembering that the tool is tapered this will decrease to 15,9[MPa] at 
the start of the parallel section of the tool.  This is well below the minimum for 
FRW, as such we may find 5[kN] is insufficient tool force to produce welds. 
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5.2.4 Test Materials 
As stated this process is to be applied to pipes made of DIN Type 10CrMo9-
10 steel (ASTM A335 P22 cl3) in seamless pipe form, as used by ESKOM.  
This is a heat resistant ferritic alloy steel also referred to a 2.25Cr-1Mo 
commonly used in steam pipe and turbine components.  It has a fairly high 
temperature oxidation resistance up to 550ﹾC, with a scaling temperature of 
600ﹾC.  The steel is readily weldable but a pre-heat of 150ﹾC to 250ﹾC is 
required.  Postweld annealing is mandatory and should be conducted at 
650ﹾC to 750ﹾC.  Refer to Table 5.3 and Table 5.4 for the chemical 
composition and tensile strengths for the base materials. 
Material C% 
Si% 
max 
Mn% 
P% 
max 
S% 
max 
Cr% Mo% 
13CrMo4-4 
0.1 – 
0.18 
0.1 – 
0.35 
0,40 - 
0,70 
0,035 
max 
0,035 
max 
0.7 – 
1.1 
0.45 – 
0.65 
10CrMo9-10 
0,08 - 
0,15 
0,50 
max 
0,40 - 
0,70 
0,035 
max 
0,035 
max 
2,00 - 
2,50 
0,90 - 
1,20 
Table 5.3:  Material chemical composition 
Material 
Tensile Strengths 
[MPa or N/mm2] 
Min Yield point Tensile Strength 
13CrMo4-4 295 440~590 
10CrMo9-10 285 450~600 
Table 5.4:  Material strength properties 
The 10CrMo9-10 pipe material is not readily available in South Africa in plate 
or bar form and the cost thereof is prohibitive.  Therefore obtaining plate and 
bar material for producing welding consumable tools and test blocks was 
problematic.  However, ESKOM could supply 10CrMo9-10 material but only 
in thick walled pipe form.  This did require extensive preparation to produce 
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suitable test coupons and consumable tools; however the cost was less than 
that of purchasing plate and bar form. 
ESKOM supplied 10CrMo9-10 material in pipe form ESKOM as well as a 
section of 30[mm] thick steel plate in a similar steel, 13CrMo4-4 (ASTM A335 
P12 cl.2).  This material could be used for running initial test welds but 
cannot be used to qualify welds for the 10CrMo9-10 material due to having a 
different material grouping number. 
5.2.5 Tool and Hole Geometry 
The hole geometry is as detailed in section 4.3.1 and will be used for all 
tests.  Two hole depths will be used which is merely due to the thickness of 
the test coupon material.  For the 30[mm] thick 13CrMo4-4 a hole depth of 
20[mm] and for the 40[mm] thick 10CrMo910 a hole depth of 25[mm].  Figure 
5.4 shows the tool and hole geometries. 
 
Figure 5.4: FTSW Tool and Hole Dimensions 
As was done for the hole geometry, the tool dimensions were also selected 
based on the TWI geometry.  The tool face diameter is 9[mm], which is 
1[mm] smaller than the hole face to allow for clearance.  The tool base 
radius, of 2[mm], equals the hole base radius, as per TWI. 
If any change to the hole geometry is desired this will obviously necessitate 
modification of the coring tools.  Therefore changes will only be considered if 
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the weld testing reveals geometrically related defects, such as a lack of 
bonding in the base radius of the hole, as reported by TWI[11].  Changes to 
the tool geometry are more easily achieved, however it has already been 
noted that the study by Meyer[78] found that whereas the hole geometry has a 
major influence on the bonding the tool geometry only has a minor influence. 
5.2.6 Procedure for Performing Test Welds 
All test welds will be conducted in the following manner: 
• Weld coupons and tools are inspected to ensure they are 
dimensionally correct and clean 
• Weld coupons have their designation numbers punched into four 
sides.  This ensures that after sectioning each piece will still retain its 
designation 
• The hole and tool is cleaned with a degreasing solvent to remove 
contaminants from welding surfaces 
• The coupon is positioning on the clamping base of the test platform 
• The tool in mounted in the PFWP tool holder and secured by locking 
screw 
• Alignment is made between the coupon hole and the tool and the 
coupon in fixed in position by the clamping bolts 
• Process parameters are entered to the PFWP HMI according to the 
coupon designation 
• Process monitoring system is readied for logging of data from the 
torque and axial force loadcell 
• Weld sequence is initiated by operator and the weld is completed by 
the PFWP 
• At completion of the weld the logging of process data is halted 
• Tool holder locking screw is loosened and the spindle is retracted 
• Finally, the coupon can be removed from the clamping base and 
allowed to air cool 
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5.2.7 Automated Weld Procedure 
The welding operation is fully automated and controlled via the drive 
controller and PLC of the PFWP. After the required weld parameters are 
entered to the HMI by the operator.  The weld cycle can either be setup as a 
single cycle operation (constant parameter settings) or in a two phase or 
cycle arrangement where the parameters are set for two individual cycles, 
the ‘cycle 2’ starting when the ‘cycle 1’ offset setting has been reached.  
Figure 5.5 shows the two cycle parameter input screen for the HMI. 
 
Figure 5.5: HMI weld parameter input screen 
Parameters that are set for each cycle are the tool speed (N1 and N2 in rpm), 
axial force (F1 and F2 in bar) and offset (δ1 and δ2 in mm) values.  Note that 
the pressure setting for the desired axial force value is derived as detailed in 
section 3.7.  Finally, the forge force (Ff in bar) and the forge time (tf in 
seconds) must also be set.  This is the axial force magnitude and duration 
that it will be applied for the forge cycle. 
Figure 5.6 depicts the operator inputs required for the machine, as well as 
the corresponding machine operation steps.  As can be seen the weld 
operation itself (blocked in red) requires no operator input other than the 
initiate command.  Before the weld is performed the ‘Surface Find’ operation 
is performed.  This is to determine a reference (or zero) position in the Z-axis 
(tool rotation axis) for controlling of the offset.  After the forge cycle has 
completed the tool holder locking screw is loosened and the spindle is 
retracted.  The weld coupon has been completed and can be removed to 
allow cooling. 
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Figure 5.6: Weld operation sequence 
5.3 Conclusion 
This chapter has set out the methodology that was used during this study to 
ultimately produce a WPS for the hole plugging procedure.  The experimental 
test weld setup was explained as well as the selection of a process 
parameter window for initial test welds for the weld process development.  
Finally, the weld test procedure was detailed that would be used for all the 
weld test trials. 
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CHAPTER 6 WELD TESTING AND EVALUATION 
The previous chapter has explained the methodology that will be applied to 
develop the hole plugging procedure.  In this chapter we will cover the actual 
weld trials that were undertaken in order to produce a Welding Procedure 
Specification (WPS).  As explained these trials will be undertaken in a three 
phase format.  An initial weld trial matrix will be run from which a refined 
parameter matrix will be derived.  From the evaluation of the refined test weld 
matrix a parameter combination will be selected to perform a quantity of 
identical welds that will be analysed to form the Procedure Qualification 
Record (PQR).  If evaluation of the PQR welds show acceptable test results 
a WPS can be formulated, which will provide direction to a welder with all 
weld variables required for practical weld application. 
6.1 Initial Test Welds - Test Matrix ‘A’ 
The initial test weld matrix will be referred to as Test Matrix ‘A’. 
6.1.1 Test Material 
This matrix will be performed on 13CrMo4-4 (ASTM A335 P12 cl 2) material 
in the as supplied (annealed) condition, with the material being in the form of 
30mm thick plate. 
6.1.2 Weld Coupon 
We will refer to a completed test weld as a weld coupon.  The items required 
for the weld coupon are a test block and a consumable tool.  Figure 6.1 
shows the geometries of the consumable tool and test block used for all 
Matrix ‘A’ test welds.  All test blocks were machined square and the hole was 
machined in by CNC mill.  In Figure 6.2 a typical weld coupon from Matrix ‘A’ 
can be seen. 
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Figure 6.1: Matrix ‘A’ tool and test block geometry 
 
Figure 6.2: Typical weld coupon from Matrix ‘A’ 
6.1.3 Matrix ‘A’ Test Parameters 
As explained in the previous chapter the parameters for this matrix will be set 
up such that the full operating capability of the PFWP will be utilised.  Table 
6.1 shows the parameter matrix that was employed.  As can be seen it is a 
5x4 matrix, with the 20 welds designated A1 to A20.  The tool speed was 
varied from 3000[rpm] to 6000[rpm] in 1000[rpm] increments, while the tool 
force was varied from 5[kN] to 25[kN] in 5[kN] increments. 
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Tool Force 
(kN) 
Tool Speed (rpm) 
3000 4000 5000 6000 
5 A1 A2 A3 A4 
10 A5 A6 A7 A8 
15 A9 A10 A11 A12 
20 A13 A14 A15 A16 
25 A17 A18 A19 A20 
Table 6.1: Matrix ‘A’ Weld Parameters and designations 
The tool upset setting was kept constant for all welds.  The setting must be 
such that the hole is adequately filled.  To calculate the upset distance setting 
we made use of CATIA (CAD modelling) to determine relevant volumes, 
namely the clearance volume and the processed material volume. 
 
Figure 6.3: Clearance and processed material volumes 
Figure 6.3 shows these volumes for a 2[mm] upset setting.  The clearance 
volume is the unfilled volume in the hole that remains between the tool and 
the hole.  When the tool is moved downwards into the hole, as happens 
during welding, then the quantity of tool material which will have to move past 
the hole wall interface will be the volume of processed material.  It must be 
remembered that the clearance volume decreases during welding as the tool 
moves downwards due to the tapered nature of the tool.  When the 
processed material volume is equal to the clearance volume then this will 
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theoretically constitute a fully filled hole and can be termed the ‘100% volume 
fill’ setting.  However, all the processed material does not remain 
conveniently in the hole, as some is drawn up the tool shank during rotation.  
Therefore in reality more than 100% volume fill is required to fully fill the hole, 
with excess material forming the weld flash. 
Figure 6.4 shows the resultant curve that was obtained after determining the 
relevant volumes up to a 5[mm] upset value.  The curve can be approximated 
by the linear curve shown, described by the equation y=0.290861x. 
 
Figure 6.4: Matrix ‘A’ upset distance-percentage fill curve 
The selection of the upset magnitude to be used is a balance between 
ensuring adequate filling of the hole and an excessive overfilling situation.  
Excessive overfill will merely result in a flash build up and unnecessary heat 
input with a resultant widening of the HAZ in the upper region of the weld.  
For Matrix ‘A’ an upset setting of 5mm was selected, which equates to a 
147% volume fill.  This setting may be altered for the following matrix if 
deemed excessive after viewing the sectioned weld macrographs. 
The forge force was set at 10[kN] for all welds with a duration of application 
of 20 seconds, which is sufficient to allow for cooling to bring about weld 
consolidation. 
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6.1.4 Evaluation Methodology of Matrix ‘A’ Welds 
For assessment the Matrix ‘A’ welds will be sectioned, polished and etched to 
produce macrographs for evaluation of the weld cross-section.  As well as 
assessing that adequate hole fill has been achieved, identification will be 
made of the presence of any lack of bonding or other discontinuities within 
the weld.  Discontinuities are defined as voids or cracks (non-bonded 
interfaces), as well as a lack of bond between the processed tool material 
and the parent material (sidewall bonding).  These discontinuities are in 
effect defects however a discontinuity only becomes a defect when its size or 
cumulative number effect prevents the weld from meeting the applicable 
welding standard.  A defect in essence results in a weld being rejected while 
a weld with a discontinuity may still be acceptable under the applicable 
standard.  There is however no applicable standard available for FHPP or 
FTSW, and as such if discontinuity free welds are not achieved then further 
testing will have to determine what constitutes a defect. 
The objective of the weld trials is to produce a weld with full bonding along 
the sidewall, as well as the absence of any discontinuities within the weld.  
However, we will not rule out the possibility of the acceptance of a weld 
which may contain discontinuities.  The testing of such welds for the PQR will 
reveal whether the discontinuities are merely such, or are in fact defects 
which will cause the rejection of the weld. 
The parameters of the welds showing desirable attributes will be used to set 
the process parameter ranges for the refined test weld matrix. 
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Figure 6.5: Weld Matrix ‘A’ Macrographs 
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6.1.5 Weld Matrix ‘A’ Evaluation 
Figure 6.5 shows the weld macrographs graphically with reference to their 
tool force and speed parameters. 
As can be seen a number of welds could not be produced.  It was found that 
the welds attempted with a tool force of 5[kN] could not produce a weld, and 
those at 25[kN] were beyond the machine capability.  Weld A1 was 
attempted but was halted after a run time in excess of 2 minutes 30 seconds.  
At that stage less than half the upset setting had been reached and it was 
clear that the upset value would not be achieved.  Also, it is undesirable to 
have a long duration weld cycle which will result in a temperature rise in the 
spindle arrangement of the PFWP.  It was then decided to attempt weld A4 
which was at the maximum speed setting for the 5[kN] welds.  This weld did 
reach the upset setting of 5[mm] but showed an irregular weld flash, which 
was built up at a position above the test block surface.  It was decided to 
section the weld for assessment before attempting the remaining 5[kN] welds 
(A2 and A3).  The section revealed the presence of considerable sized voids 
as well as irregular material deposition.  Therefore, due to outcomes of weld 
A1 and A4, welds A2 and A3 were not attempted. 
Welds A16 and A17 both resulted in the stalling of the spindle motor.  It was 
evident that for our tool geometry a tool force of 25[kN] was beyond the 
torque capability of the PFWP spindle motor.  Welds A19 and A20 were thus 
not attempted. 
The weld macrographs of the completed welds were viewed at 
magnifications of (x21.5) and (x50) to identify the presence of any 
discontinuities.  The visual discontinuity identification for the weld 
macrographs has been summarised in Table 6.2, but individual assessments 
have been made as will follow. 
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Weld 
Number 
Weld Discontinuity 
A1 N/A (Incomplete weld) 
A2 N/A (Weld excluded from matrix) 
A3 N/A (Weld excluded from matrix) 
A4 
Large voids present with inconsistent material deposition.  Irregular 
weld flash formation above the test block surface 
A5 
Void present at base radius region.  Sidewall region with a lack of 
bonding.  Side wall region showing a lack of bonding with voids 
A6 Lack of bonding at base radius region.  Voids present within the weld 
A7 Significant lack of bonding at sidewall, with voids present in weld 
A8 
Large voids present within the weld.  Irregular weld flash formation 
above the test block surface 
A9 Significant sidewall regions with lack of bonding 
A10 Two regions with small defects at sidewall.  Small void at final interface 
A11 Small void at sidewall (0.09mm width) 
A12 Small voids at two sidewall regions (largest void less than 0.1mm width) 
A13 
Small area with lack of bonding at base radius region.  Hole sidewall is 
still clearly defined as bond appears very narrow 
A14 Small void in base radius region (0.17mm width) 
A15 Good weld, full sidewall bonding.  No visible defects discernable 
A16 Good weld, full sidewall bonding.  No visible defects discernable 
A17 N/A (Incomplete weld due to torque overload) 
A18 N/A (Incomplete weld due to torque overload) 
A19 N/A (Weld excluded from matrix) 
A20 N/A (Weld excluded from matrix) 
Table 6.2:  Visual assessment of weld macrographs for defects 
Starting at weld A4, shown in Figure 6.6, it can be clearly seen that the 
irregular material deposition has created large voids.  There is very little 
bonding at the sidewall present and the weld flash has generated above the 
test block surface.  The conclusion drawn is that 5[kN] is insufficient tool 
force to produce an acceptable weld. 
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Figure 6.6: Weld A4 Macrograph 
Weld A5 macrograph, shown in Figure 6.7, shows 3 clear defects positions.  
In region 1 a void in excess of 1mm across was present in the base radius 
area.  Region 2, at the sidewall, shows a lack of bonding as well as a number 
of small voids.  Region 3, at the sidewall, shows a lack of bonding in excess 
of 4[mm] in length. 
 
 
 
 
 
 
 
 
Figure 6.7: Weld A5 macrograph with discontinuity views (x21.5) 
Welds A6, A7 and A8 are shown in Figure 6.8 and are grouped together 
because they all used a 10[kN] tool force and show similar discontinuities.  
The welds all contain voids, as well as lack of bonding areas at the sidewall.  
At the higher speed of 6000[rpm] weld A8 also produced an irregular weld 
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flash.  It is evident that a tool force of 10[kN] was insufficient to produce an 
acceptable weld and that increasing the speed at this load appears to 
degrade the weld quality appearance. 
   
Figure 6.8: Weld A6, A7 and A8 macrographs 
In weld A9, shown in Figure 6.9, a number of bonding discontinuities were 
identified.  However their size has decreased, compared to the welds at 
lower tool force, as evidenced by the increased magnification of (x50) that 
was required to view the discontinuities.  In weld A9 the three regions 
showed a lack of bonding at the sidewall. 
 
 
 
 
 
 
 
Figure 6.9: Weld A9 macrograph with discontinuity views (x50) 
 
A6 A7 A8 
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Figure 6.10: Weld A10 macrograph with discontinuity views (x50) 
The macrograph for weld A10, shown in Figure 6.10, revealed some small 
voids present at the sidewall (regions 1 and 2), as well as a small void on the 
final frictional interface (Region 3).  The largest void was in region 1 and was 
0.19[mm] across.  The void in region 2 was 0.1[mm] across and in region 3 
the void was 0.16[mm] across.  The sidewall in general showed good 
bonding. 
 
 
 
 
 
Figure 6.11: Weld A11 macrograph with discontinuity view (x50) 
Weld A11 macrograph, shown in Figure 6.11, revealed the presence of a 
void at the sidewall, but as for weld A10 the void is relatively small. 
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Figure 6.12: Weld A12 macrograph with discontinuity views (x50) 
Weld A12 macrograph, shown in Figure 6.12, revealed two regions within the 
weld which contained small voids, with none of the voids exceeded 0.05[mm] 
in length.  The sidewall in general showed good bonding. 
 
 
 
 
 
Figure 6.13: Weld A13 macrograph with discontinuity view (x50) 
Weld A13 macrograph, shown in Figure 6.13, revealed the absence of any 
voids or internal discontinuities.  There was a very small region in the base 
radius area where the sidewall bonding appears uncertain.  It appears as 
though there may be a very small bonding discontinuity, less than 0.05[mm] 
in length, present.  The remainder of the sidewall shows good bonding. 
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Figure 6.14: Weld A14 macrograph with discontinuity view (x50) 
Weld A14 macrograph, shown in Figure 6.14, revealed a small void in the 
base radius region while the remainder of the sidewall shows good bonding 
has been achieved. 
  
Figure 6.15: Weld A15 and A16 macrographs 
Welds A15 and A16, shown in Figure 6.15, both show a fully bonded 
sidewall, as well as an absence of any discontinuities within the welds. 
6.1.6 Matrix ‘A’ Conclusions 
After evaluation of the weld macrographs a refined process parameter 
window was identified.  A tool speed range of 4000[rpm] to 6000[rpm] and a 
tool force range of 5[kN] to 20[kN] was selected for the refined matrix welds.  
The selection has been indicated in Figure 6.5 as the welds enclosed within 
the red block. 
A15 A16 
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Despite the fact that discontinuities were revealed in the macrographs of 
welds A10, A11, A12 and A14 their parameters fall within the selected ranges 
to be used in our refined matrix tests.  This is due to the small size of the 
discontinuities, as well as the fact that only two of Matrix ‘A’ welds revealed 
fully bonded welds with an absence of discontinuities.  If the selection was to 
be limited to these two welds they would not provide an adequate parameter 
range to form a testing matrix.  Since an added process variable, namely 
preheating of the test blocks, is to be included in Matrix ‘B’ a range of 
parameters for testing will reveal more data than using just the two ‘good 
weld’ parameter combinations.  A better understanding of the influence of 
preheating should also be gained by making use of those welds with small 
discontinuities. 
Weld A13, although being of acceptable quality, was not included in our 
selection.  This was due to two factors.  Firstly, it was the only weld 
performed at the 3000[rpm] which was acceptable; and secondly, the region 
of bonding along the sidewall of the weld did appear to be very narrow and 
particularly distinct, possibly indicating a smaller bond size which may 
produce a weaker joint. 
6.2 Refined Matrix Test Welds - Test Matrix ‘B’ 
The refined test weld matrix will be referred to as Test Matrix ‘B’, for which its 
parameters have been derived from the testing and evaluation of Matrix ‘A’. 
6.2.1 Weld Material 
This matrix will be performed on 10CrMo9-10 (ASTM A335 P22 cl 3) material 
in the as supplied (annealed) condition, with the material being in pipe form.  
This is the material to which this developed process is ultimately to be 
applied in practice. 
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6.2.2 Weld Coupon 
The pipe supplied by ESKOM was 6.5 inch (165.1[mm]) diameter, with a 1.75 
inch (44.45[mm]) wall thickness.  The pipe was turned down to a diameter of 
163mm, to clean the outer surface, and then cut into 100[mm] long sections.  
These were then sectioned into 120° segments, and finished as shown in 
Figure 6.16.  Finally the tapered hole was machined in by a CNC mill. 
 
Figure 6.16: 10CrMo910 test coupon machining steps 
The tool and test block geometries are shown in Figure 6.17.  As can be 
seen the hole is now 25[mm] deep versus the 20[mm] depth used for the 
Matrix ‘A’ welds.  The tool diameter has also been increased to 
accommodate the now larger hole opening diameter due to the increased 
depth.  A further change was the increasing of the diameter of the tool 
diameter which locates in the machine spindle toolholder.  This was due to a 
modification to the machine where the collet mounting system was changed 
to a simple grub screw securing mechanism.  This change was necessitated 
due to the heat generated by the welding process that caused the collet to 
become difficult to loosen after completing a weld. 
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Figure 6.17: Matrix ‘B’ tool and test block geometry 
In Figure 6.18 a typical coupon is shown.  The circular mark visible on the flat 
section of the tool shank is as a result of the grub screw locating system 
described. 
 
Figure 6.18: Typical weld coupon from Matrix ‘B’ 
6.2.3 Matrix ‘B’ Test Parameters 
The refined process parameter matrix obtained from the Matrix ‘A’ welds was 
used to specify the test parameters for Matrix ‘B.  The test matrix is shown in 
Table 6.3, with each welds designation.  As can be seen a tool force of 
17.5[kN] has been included for this series of test welds. 
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Tool Force 
[kN] 
Motor Speed [rpm] 
4000 5000 6000 
15 B1 B2 B3 
17.5 B4 B5 B6 
20 B7 B8 B9 
Table 6.3:  Matrix ‘B’ Weld Parameters and designations 
The test material specification requires preheating of the material for welding.  
This preheat is specified as 150°C to 250°C.  For these tests a preheat 
temperature of a minimum of 200°C and maximum of 210°C was selected.  
The test blocks were placed in a temperature controlled furnace set to 
250°C.  This allowed cooling of the test block during its move into position on 
the force transducer mounting for welding.  A surface temperature sensor 
was used to monitor the block temperature to facilitate welding in the 
specified temperature range. 
The same method was used as previously for determining a suitable upset 
setting.  Figure 6.19 shows the resultant curve which was obtained after 
determining the relevant volumes up to a 5[mm] upset value.  The curve can 
be approximated by the linear curve shown, described by the equation 
y=0.223685x.  For Matrix ‘B’ an upset setting of 6mm was selected.  This 
equates to 134% volume fill.  This is lower than the 147% used for Matrix ‘A’, 
however 134% was deemed sufficient due to the flash size obtained by the 
Matrix ‘A’ welds. 
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Figure 6.19: Matrix ‘B’ upset distance-percentage fill curve 
As for Matrix ‘A’ a forge force will again be set at 10[kN] with duration of 
application of 20 seconds. 
6.2.4 Evaluation Methodology of Matrix ‘B’ Welds 
Assessment of Matrix ‘B’ will be visually by sectioned macrograph and 
viewing of the recorded process data for the welds.  Finally, if required, 
tensile strength tests may also be performed.  For these strength tests 
duplicate welds will have to be performed to produce tensile samples for 
testing. 
6.2.5 Weld Matrix ‘B’ Evaluation 
Assessment of Matrix ‘B’ welds was initially done visually by sectioned 
macrograph.  Here the presence of bonding at the sidewall was evaluated, as 
well as the presence of any discontinuities in the weld.  Following this we 
viewed the process data that we were able to record for the welds.  At this 
stage we were unable to distinguish a definitive weld for selection to the PQR 
test welds; therefore a brief microstructural evaluation was performed.  From 
this evaluation three welds were identified as being suitable for the PQR 
testing.  To select one of these welds tensile strength tests were performed 
on duplicate welds.  Following the tensile strength tests a weld was selected 
to be duplicated for the PQR testing phase. 
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6.2.5.1 Macrograph Evaluation 
Figure 6.20 shows the Matrix ‘B’ weld macrographs graphically with 
reference to their tool force and speed parameters. 
When evaluating the macrographs they revealed that none of the welds 
showed any visible discontinuities.  Welds which possessed small 
discontinuities from Matrix ‘A’ when replicated in Matrix ‘B’ showed none.  
The change in material from Matrix ‘A’ should not have had a large influence 
as the two materials are very similar, therefore it could only be due to the 
preheating that was introduced in Matrix ‘B’ prior to welding.  It would be 
possible to verify this by re-welding Matrix ‘A’ with the introduction of the 
200ﹾC preheat, however this is beyond the scope of our application as our 
process merely requires qualification on 10CrMo9-10 material.  Preheating 
for welding is a material requirement and coupled with the absence of 
discontinuities revealed by the macrographs we will be specifying the use of 
preheating for the PQR tests. 
Ultimately, assessment of the macrographs alone did not allow for selection 
of an individual weld which may be superior as all the welds showed good 
bonding with no visible discontinuities. 
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Figure 6.20: Weld Matrix ‘B’ Macrographs 
6.2.5.2 Weld Process Data 
The through process parameters; namely torque (tool torque), down force 
(axial tool force), tool position (upset) and spindle speed (tool speed); were 
recorded for each weld and have been plotted graphically in Figure 6.21 to 
Figure 6.29. 
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Figure 6.21: Weld B1 recorded process data 
 
Figure 6.22: Weld B2 recorded process data 
 
Figure 6.23: Weld B3 recorded process data 
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Figure 6.24: Weld B4 recorded process data 
 
Figure 6.25: Weld B5 recorded process data 
 
Figure 6.26: Weld B6 recorded process data 
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Figure 6.27: Weld B7 recorded process data 
 
Figure 6.28: Weld B8 recorded process data 
 
Figure 6.29: Weld B9 recorded process data 
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As can be seen the trends displayed for each parameter were similar in each 
of the welds. 
In each case the torque transmitted by the tool showed a series of peaks, 
each followed by a sudden reduction in magnitude.  This sudden reduction in 
the torque is the point at which the faying surface reaches a critical 
temperature where shearing occurs and the rubbing interface shifts upwards 
to a higher plane.  It does appear that this peaking phenomenon does cease 
at an undefined stage and a state of equilibrium is then maintained.  The 
rubbing interface has then reached its final position above which it cannot 
travel since it would then move up the tool column above the top surface 
level of the test block.  This is not possible with the upset distance employed 
since the processed material continues to moves outwards forming the weld 
flash.  In each of the welds a torque spike occurs as the spindle rotation is 
halted.  This is a machine characteristic and is due to the synchronous belt 
drive which cannot halt the spindle instantaneously since the slack side of the 
belt must become tensioned to halt the spindle.  This allows the inertia of the 
spindle to briefly cause a torque increase on the tool. 
When viewing the axial force data a relatively consistent force was shown to 
have been maintained during each weld.  The measured force value in each 
case does not differ more than 5% from the set value, which is the expected 
accuracy within which the hydraulic valve is capable of operating.  Table 6.4 
shows the average measured force with the corresponding percentage 
variation to the set value.  The average force value was determined for the 
force measurements after 4 seconds of the weld cycle had elapsed until 
rotation was halted.  The first 4 seconds of the cycle are disregarded to allow 
the force to stabilise after its initial application. 
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Weld 
No. 
Force 
Setting 
[kN] 
Force 
Average 
[kN] 
Force  
Error % 
B1 15 15.5 3.33% 
B2 15 15.4 2.67% 
B3 15 15.09 0.60% 
B4 17.5 17.78 1.60% 
B5 17.5 17.72 1.26% 
B6 17.5 16.71 -4.50% 
B7 20 19.15 -4.25% 
B8 20 20.12 0.60% 
B9 20 19.53 -2.41% 
Table 6.4:  Axial force setting versus measured magnitude 
The viewing of the rotational speed measurement of the spindle did reveal a 
system limitation of the PFWP where the drive motor was unable to reach the 
set speed above the 4000[rpm] setting. 
Weld 
No. 
Tool 
Force 
[kN] 
Set 
Speed 
[rpm] 
Average 
Speed 
[rpm] 
% 
Speed 
Reduction 
B1 15 4000 4000 0.0% 
B4 17.5 4000 4000 0.0% 
B7 20 4000 4000 0.0% 
B2 15 5000 4700 6.0% 
B5 17.5 5000 4658 6.8% 
B8 20 5000 4610 7.8% 
B3 15 6000 5546 7.6% 
B6 17.5 6000 5455 9.1% 
B9 20 6000 5399 10.0% 
Table 6.5:  Spindle speed reduction due to tool force magnitude 
Table 6.5 shows the average speed achieved versus the set speed for each 
axial force setting.  As can be seen the drive motor is able to consistently 
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maintain 4000[rpm] right up to the maximum force setting of 20[kN].  
However, when the speed setting is increased to 5000[rpm] the motor is 
unable to reach the set speed.  It can be seen that as the axial force is 
increased on the tool the percentage reduction in speed, versus the set 
value, increases from 6% to 7.8% for the 5000[rpm] setting, and 7.6% to 10% 
for the 6000[rpm] setting.  This is not of major concern since the process is 
being qualified on this specific equipment the set value can merely be 
specified.  Knowledge of the actual speed value will be required if another 
welding platform is used which may have a higher torque capacity. 
The weld cycle durations for the welds did show some variations.  Table 6.6 
shows the weld cycle times for each of the nine welds.  It must be noted that 
the weld cycle time is taken as the period of rotation of the tool and does not 
include the forge time.  The longest weld cycle time was 63[s], at the lower 
force setting, and the shortest was 42[s], at the higher force setting. 
Weld 
No. 
Weld 
Cycle 
Time 
[sec] 
Axial  
Force 
[kN] 
Tool 
Speed 
[rpm] 
B1 63 15 4000 
B2 57 15 5000 
B3 61 15 6000 
B4 48 17.5 4000 
B5 46 17.5 5000 
B6 49 17.5 6000 
B7 42 20 4000 
B8 45 20 5000 
B9 47 20 6000 
Table 6.6:  Weld Cycle Time [in seconds] 
For simplicity the weld cycle time was also plotted graphically against the tool 
force in Figure 6.30; and the tool speed in Figure 6.31. 
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Figure 6.30: Tool force effect on weld cycle time 
 
Figure 6.31: Tool speed effect on weld cycle time 
An increase in the tool force appears to bring about a reduction in the weld 
cycle time, whereas increases in tool speed appear to have a lesser 
influence on the weld cycle time.  These trends correlate with those as found 
by Meyer in his FHPP study[78].  However, since we only performed one weld 
per parameter set further weld trials would be required to fully corroborate 
this finding. 
Again we find that we are unable to identify a specifically superior weld based 
on the process data.  However, it does provide us with an understanding of 
the weld process as well as the performance of the machine at varying 
process parameter magnitudes. 
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6.2.5.3 Microstructure Assessment 
An assessment of the microstructure was performed at 1000x magnification.  
The welds displaying an acceptable microstructure will be duplicated for 
tensile strength testing.  The following observations and comments were 
made: 
• Weld B1 – A layer of recrystalised grains with some small precipitates 
was observed along the sidewall fusion zone.  A dissolved second 
phase merely gives the appearance of porosity.  This weld 
microstructure was categorised as being acceptable. 
• Weld B2 – The upper region of the weld displays a coarse 
microstructure.  This weld produced the smallest HAZ.  Some small 
areas showed presence of precipitates, as well as precipitates along 
the sidewall fusion zone.  Some small inclusions and porosity were also 
observed.  However, the size of the discontinuities observed was very 
small and should not be seen as defects.  PWHT should homogenise 
the coarse structure.  This weld microstructure was categorised as 
being acceptable. 
• Weld B3 – This weld displayed variations within its structure which 
could potentially produce a lowered corrosion resistance and set up a 
metallurgical notch.  Again precipitates were observed along the 
sidewall fusion zone, with some areas of inclusions and porosity. 
• Weld B4 – Inclusions and a dissolved second phase looking like 
porosity were observed.  Some porosity, ferrite grains and recrystalised 
grains were also observed within the weld microstructure. 
• Weld B5 – The upper region of the weld displays a coarse 
microstructure, with the weld appearing to contain more retained 
austenite.  Also observed were large prior austenite grain boundaries 
that could lead to embrittlement.  There is also a small presence of 
precipitates along the fusion zone.  Of concern is the fact that PWHT 
will not remove the prior austenite grain boundaries. 
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• Weld B6 – Inclusions were observed along the sidewall fusion zone.  
Some porosity and inclusions were also observed within the weld 
microstructure.  Deformed grains were also evident within the weld. 
• Weld B7 – It was observed that the weld contained more retained 
austenite and untempered martensite.  A very small inclusion was 
observed at the bottom of the weld (hole base region) but due to its 
small size and position should not be viewed as a defect.  Also 
observed were small quantities of precipitates aligned with the sidewall 
fusion zone.  Again, the PWHT procedure should homogenise the 
coarse microstructure observed.  This weld microstructure was 
categorised as being acceptable. 
• Weld B8 – A dissolved second phase looking like porosity was 
observed.  Ferrite and recrystalised grains were also observed within 
the weld microstructure.  This weld possessed the largest HAZ. 
• Weld B9 – Some small inclusions and porosity were observed within 
the weld.  The weld microstructure appears to be over tempered or 
spheroidised. 
From the microstructural observation of the welds three welds were identified 
as possessing no detrimental structural characteristics.  These were welds 
B1, B2 and B7.  These will be duplicated for producing tensile strength 
samples for testing. 
6.2.5.4 Tensile Strength Evaluation 
Single welds were produced to duplicate welds B1, B2 and B7.  From each of 
these welds two tensile samples were extracted, their positions shown in 
Figure 6.32, and dimensions in Figure 6.33.  In each weld the samples were 
designated as ‘Top’ and ‘Bottom’; the top sample being approximately 2[mm] 
below the top surface and the bottom approximately 16[mm] below the top 
surface.  All samples were approximately 4[mm] in thickness. 
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Figure 6.32: Tensile sample positions in weld coupon 
All tensile tests were performed on an INSTRON servo-hydraulic test 
platform with a constant extension rate of 5[mm/min].  Prior to testing 
overlapping gauge length markings of 30[mm] were made on the reduced 
section of the samples for elongation measurement. 
 
Figure 6.33: Tensile sample dimensions 
The results of the tensile test are shown in Table 6.7.  As can be seen the 
tensile strengths (ultimate) obtained were all within the parent material 
strength range of 450 [MPa] to 500[MPa].  Of significance is the fact that all 
failures occurred within the parent material indicating that adequate bonding 
at the weld had been achieved in each case. 
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Specimen 
Area 
(mm2) 
Fmax 
(N) 
UTS 
(N/mm2) 
Elongation 
(mm) 
% 
Elongation 
B1 - Top 24.01850 14325 596.415 3.65 12.17 
B1 - Bottom 24.26050 12188 502.380 5.00 16.67 
B2 - Top 24.128250 13050 540.860 3.70 12.33 
B2 - Bottom 23.204575 11500 495.592 5.00 16.67 
B7 - Top 24.17940 13560 560.808 4.10 13.67 
B7 - Bottom 24.54300 12163 495.579 5.00 16.67 
Original Gauge Length: 30[mm] 
Table 6.7:  Tensile strength test results 
The percentage elongation values differed between the Top and Bottom 
samples, with the Bottom samples having a higher value than the Top 
samples.  Top and Bottom samples showed good correlation with their 
removal positions. 
 
Figure 6.34: Tensile test samples after testing 
The tensile strengths tests showed very similar results between the three 
welds.  The ultimate strength variation for the Bottom samples was 6.8[MPa] 
and 55.555[MPa] for the Top samples. 
Ultimately, since all the welds attained the strength range of the parent 
material any of the welds would be acceptable in terms of strength 
requirements. 
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6.2.6 Matrix ‘B’ Conclusions 
The assessment methodology followed allowed for the identification of the 
three welds that were then used for tensile strength testing.  However, the 
strength test results showed that all three welds showed adequate strength 
when compared to the parent material.  Therefore the final selection of a 
weld to use for the PQR tests becomes an almost subjective decision. 
It was finally decided that the parameters from weld B2 would be used for the 
PQR tests, remembering that the selection can be revisited if the PQR tests 
are not acceptable for this parameter set.  The decision was ultimately based 
on the fact that the B2 weld possessed the smallest HAZ of the Matrix ‘B’ 
welds. 
Therefore the force and speed parameters, to be used for the PQR test 
welds, will be 15[kN] and 5000[rpm].  The forge force will remain 10[kN] for a 
duration of 20[sec].  Also, the same preheat range of 200°C to 210°C will be 
applied. 
Additionally for the PQR test welds coupons there will be a post weld 
annealing heat treatment procedure conducted.  The coupons will be heated 
to 720°C, at a rate of 120°C per hour, and allowed to soak at 720°C for 2 
hours, followed by slow cooling in the furnace. 
6.3 Procedure Qualification Record (PQR) 
This section will document the testing of the welds performed for the PQR.  
The PQR is required to support a Welding Procedure Specification (WPS) 
that is necessary to allow the implementation of the restoration of the creep 
sample retrieval site. 
The difficulty in selecting suitable tests to perform for the PQR is that there is 
no available guiding standard for acceptance of FTSW welds.  Weld 
acceptance will have to be prepared based as far as possible on one of the 
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existing friction welding codes or standards which indicate essential variables 
for friction welding. 
In this case we made use of the British Standard[44] EN ISO 15620:2000 and 
ANSI/AWS C6.1-89R (Recommended Practices for Friction Welding)[43] 
standard as guides.  We also consulted ESKOM, as the end user of our 
process, to confirm their acceptance of the weld testing protocol.  ESKOM 
makes use of the ASME code[94] (Section XI: Welding & Brazing 
Qualifications) for their welding procedures and requested that we refer to 
sections of standards which relate to stud welds.  Although these standards 
were written for arc stud welding the testing protocol is appropriate to friction 
stud welding. 
In agreement with ESKOM we determined that the PQR tests would include 
the preparation of a weld cross-section macrograph, three welds for tensile 
tests and two welds for bend tests.  Therefore 6 identical welds will be 
required for the PQR tests. 
The weld parameters will be identical for all welds and were as per weld B2 
from Matrix ‘B’.  The weld numbering, parameters and their corresponding 
test are shown in Table 6.8. 
Weld 
No. 
Run 
Order 
Test 
Tool 
Force 
[kN] 
Tool 
Speed 
[rpm] 
Upset 
[mm] 
Forge 
Force 
[kN] 
Forge 
Time 
[s] 
Preheat 
Temp 
[°C] 
W1 5 Bend 15 5000 6 10 20 200 - 210 
W4 3 Tensile 15 5000 6 10 20 200 - 210 
W5 6 Bend 15 5000 6 10 20 200 - 210 
W6 2 Tensile 15 5000 6 10 20 200 - 210 
W7 4 Tensile 15 5000 6 10 20 200 - 210 
W8 1 Macro 15 5000 6 10 20 200 - 210 
Table 6.8:  PQR weld parameters and tests 
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For the PQR welds coupons identical to those used for Matrix ‘B’ will be 
used.  The block and the tool will again be made from the same material, 
10CrMo9-10. 
After welding all the weld coupons underwent an annealing post weld heat 
treatment at 720°C to reduce the residual stress induced by the weld.  The 
weld coupons are shown in Figure 6.35 after completion of the PWHT. 
 
Figure 6.35: PQR weld coupons after PWHT 
PWHT has been conducted since it is a mandatory requirement for 10CrMo9-
10 material after welding.  Therefore when this FSTW repair is applied in 
practice, PWHT will be performed, thus necessitating the inclusion of a 
PWHT of the PQR test weld coupons. 
6.3.1 Non Destructive Tests 
Prior to the performing the individual tests the weld coupons were submitted 
to a government approved inspection authority for NDT inspections; magnetic 
particle inspection (MPI) and dye penetrant inspection (DPI).  The aim of 
these tests was to identify any surface breaking discontinuity.  Their test 
certificate has been included as Appendix C. 
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Figure 6.36: PQR test weld coupons for MPI 
For the NDT inspections the coupons had the consumable tool studs 
removed and the top surface of the coupon machined away by 0.5mm.  
Following which 400 grit sandpaper was used to finish the surface for 
inspection. 
  
Figure 6.37: Weld coupons MPI (left) and DPI tests 
Figure 6.37 shows the weld coupons after MPI and DPI tests.  The 
examiners reported that all 6 coupons displayed no relevant indications for 
the MPI test, with the dye penetrant test confirming the fact that there are no 
surface breaking defects present. 
6.3.2 Weld Macrograph 
An etched macrograph of the cross-section of weld number W8 was made 
through the centre of the weld axis as per the position shown in Figure 6.38.  
The sample was prepared according to acceptable metallurgical procedures 
to a polished finish with a final etching. 
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Figure 6.38: Position of PQR test macrograph 
Images of the macrograph were taken at a 5x magnification using an 
automated macro scope.  The resultant macrograph is shown in Figure 6.39. 
 
Figure 6.39: PQR weld W8 macrograph 
Examination of the macrograph revealed no visible voids or discontinuities 
within the weld cross section, with full fusion at the sidewall bonding zone.  
The macrograph again indicates that for the chosen weld parameters a weld 
is produced with an acceptable macrostructure, which appears free of visible 
defects. 
6.3.3 Bend Tests 
Three point side bend tests were performed on samples prepared from welds 
W1 and W5.  The bend tests were performed according to the ASME Section 
Weld Testing and Evaluation Chapter 6 
133 
IX (Boiler and pressure vessel code) guidelines, with the test jig conforming 
to section QW-466.1 of the code.  Figure 6.40 shows the position within the 
weld coupon where the bend test specimen was removed, as well as the 
orientation of the bend direction (indicated by the red arrows). 
 
Figure 6.40: PQR bend test sample position in weld coupon 
[Red arrows indicate bend direction, center arrow as fixed position] 
After the bend specimens had been removed from the coupons they required 
extensions that were welded to either end to allow sufficient sample length to 
perform the bend tests.  Figure 6.41 shows the completed bend test 
specimen dimensions. 
 
Figure 6.41: PQR bend sample dimensions 
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Table 6.9 shows a summary of the bend tests with the bend test results.  As 
can be seen failures occurred in both bend tests, indicated in Figure 6.42.  
Weld W1 sample achieved 58.5° and W5 achieved only 15°.   Both the 
failures were in the fusion zone of the weld, indicating a region of reduced 
ductility in comparison to the parent material. 
Weld 
Number 
Dimensions Former 
Ø 
[mm] 
Roller 
Spacing 
[mm] 
Bend 
angle 
[°] 
Failure 
Location 
Thickness 
(mm) 
Width 
(mm) 
W1 9.41 34.83 38 60.4 58.5° Fusion zone 
W5 9.40 34.43 38 60.4 15° Fusion zone 
Table 6.9:  Bend test summary 
  
Figure 6.42: Bend test samples after testing 
The reason for the bend test failures may be due to the presence of 
precipitates which are aligned along the fusion zone, as documented in 
section 6.2.5.3.  A study by Mortensen, et al[95] found that the presence of 
precipitation inclusions at the fusion interface of 416 stainless steel welds, 
produced by inertia friction welding, caused a severe loss in ductility.  Their 
welds however still displayed adequate tensile strength.  Another possible 
factor which could contribute to the failures could be the strain rate 
compatibility between the weld nugget and parent material causing a 
localised stress concentration at their interface. 
TWI have reported similar bend test failures[96] occurring at the fusion zone of 
FTSW welds and interestingly their bend tests appear to be less severe than 
W1 
W5 
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ASME requirements.  They made use of hammer bend tests with thinner 
3mm thick bend samples.  The sample was clamped at one end and the 
former positioned directly below and aligned with the fusion zone.  TWI only 
required a 90° bend angle whereas the ASME code stipulates a 180° bend 
angle.  Again we encounter the problem of there being no existing 
specification for the testing of FTSW welds.  It must be noted that the bend 
tests required by ASME are for groove welds produced by arc welding (fillet 
welds require no bend tests) and are possibly not appropriate for the testing 
of FTSW welds. 
6.3.4 Tensile Tests 
Weld numbers W4, W6 and W7 were utilised for the tensile tests.  Four 
tensile samples were prepared from each weld, their positions shown in 
Figure 6.43.  As can be seen three samples were across the weld with one 
sample taken from the parent material for reference.  The three test samples 
from the weld were designated as Top (T), Middle (M) and Bottom (B), with 
the reference sample designated as Parent (P).  For example test sample 
W6_M would be from weld W6 in position M. 
All tensile tests were conducted on a servo-hydraulic test platform with a 
constant displacement rate of 5[mm/min].  For test samples T, M and B a 
12.5[mm] extensometer was positioned within the weld nugget and removed 
after a total extension of 4[mm].  For the P test samples a 25[mm] 
extensometer was used and removed after a total extension of 4[mm]. 
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Figure 6.43: PQR tensile test sample positions in weld coupon 
Table 6.10 give a summary of the tensile test results.  All tests showed good 
correlation, with failures occurring in the parent material, except for sample 
W6_T which failed in the fusion zone of the weld, shown in Figure 6.44. 
Test 
No. 
Failure 
Load [N] 
UTS 
[N/mm2] 
Elongation 
[%] 
Fracture 
Zone 
W4_P 11751.10 480.29 29.56 Parent material 
W4_B 12015.72 494.41 20.00 Parent material 
W4_M 12058.23 494.53 17.00 Parent material 
W4_T 12110.57 492.51 8.63 Parent material 
W6_P 11912.91 479.11 27.50 Parent material 
W6_B 12144.18 493.68 17.87 Parent material 
W6_M 12163.86 502.55 14.25 Parent material 
W6_T 10546.76 432.33 0.00 Fusion Zone 
W7_P 12190.81 494.31 27.25 Parent material 
W7_B 12229.68 501.68 16.25 Parent material 
W7_M 12234.56 503.42 14.25 Parent material 
W7_T 12359.33 508.35 11.63 Parent material 
Table 6.10:  Tensile test results 
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Test W6_T indicated a brittle failure at 96% of the minimum 450[MPa] tensile 
strength of the parent material.  All the other samples failed well within the 
parent material strength specification.  All welds displayed a decreasing 
ductility from the bottom of the weld to the top, which correlates to the 
widening of the HAZ from the bottom to the top of the weld.  The average 
percentage elongation for each position was 28.1% for the parent material, 
18.04% for the B position, 15.17% for the M position, and 10.13% for the T 
position (excluding W6_T). 
   
Figure 6.44: Tensile test samples after testing 
Except for sample W6_T, all the tensile strengths achieved showed that full 
strength bonding had been achieved.  The bond strength achieved by W6_T 
was 90.24% of its parent material strength and 96% of the minimum tensile 
strength specification for the material. 
It can be concluded that the reduction in ductility shown during the tensile 
tests from the lower region of the weld to the top relates to the widening of 
the HAZ from the bottom of the weld to the top surface.  To limit this widening 
effect the heat input in the upper region of the weld must be reduced.  To 
achieve this, the offset value should be decreased to an optimum setting that 
will not add unnecessary heat.  This could be done for the welds produced 
for the PQR as the offset value used creates an overfill situation therefore 
introducing extraneous heat input. 
W4 W6 W7 
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Further studies will be required to determine the incidence rate of the brittle 
failure experienced in test sample W6_T. 
6.3.5 Hardness Measurements 
Certain welding standards, such as BS EN ISO 288-9:1999[97] for butt 
welding of pipelines, do specify maximum hardness values for the weld and 
HAZ.  However, as we have no specification to reference the hardness 
measurements will merely be documented for record purposes. 
Hardness measurements were taken on the weld W8 macrograph along the 
lines as indicated in Figure 6.45.  The measurements were made making use 
of Vickers microhardness scale, HV0.3 (300[g] load with a 15[sec] dwell time).  
The measurement spacings were 0.5[mm] across the HAZ and weld material 
and 1[mm] in the parent material.  Measurements were taken in the parent 
material out to a distance of at least 4[mm] from the HAZ. 
 
Figure 6.45: Line positions for hardness measurements 
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Figure 6.46: Hardness measurements for each line position 
The hardness measurements are shown graphically for each line position in 
Figure 6.46.  Also shown on each graph is the position of the boundary 
between the HAZ and the parent material.  All the measurement lines 
displayed a consistent trend of a higher hardness through the weld material 
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which decreases through the HAZ to the parent material value.  The 
difference in hardness between the weld and the parent material was 
approximately 150[HV0.3] to 250[HV0.3] for all measurement line positions.  
For conversion this equates to a variation in tensile strength of approximately 
480[MPa] to 800[MPa] between the parent material and the weld material. 
6.3.6 Conclusions 
The PQR tests revealed the following: 
• The test parameters selected produced a weld with no visible defects 
and importantly no surface breaking defects 
• The tensile tests showed that good bonding had been achieved with 
only one sample showing a strength slightly less that the parent 
material.  Also noted was that comparing the PQR tensile results to 
weld B2 (same parameters with no PWHT) then the PWHT has had the 
intended annealing effect 
• The bend tests showed that the welds possess a region of lowered 
ductility at the fusion zone of the weld.  Further investigations would be 
required to determine what effect this would have to our hole repair 
application on high temperature component 
• The hardness measurements showed that even with the application of 
the PWHT procedure there is still a significant difference in hardness 
between the weld and parent materials 
The PQR testing has therefore shown that a weld has been produced which 
contains no voids or other visual discontinuities, with no surface breaking 
defects.  The weld bond strengths achieved were good.  Even though the top 
region of one weld displayed a brittle fracture, the failure point was 
approaching the strength requirements for the parent material.  The brittle 
failure is of concern however it must be noted that the samples from the 
lower regions of that weld showed full strength bonding.  As stated more 
extensive weld trials will be required to determine the possible causes and 
incidence rate of the brittle failure experienced. 
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In terms of the bend test failures, we are unsure as to what test parameters 
are suitable and this will require a more focused study.  It must be 
remembered that the FTSW welds employed here are not simply performing 
a joining function but also a filling function which is fully enclosed by the 
parent material.  Bend tests may be superfluous if the welds are shown to 
perform without inducing a failure for this application.  ESKOM are of the 
opinion that the weld should not be rejected because of the bend test results, 
and that only further investigations of the weld performance in service will 
reveal whether the bend results are significant.  This is due to the fact that 
the dominant failure mode in the high temperature pipes, where this weld is 
to be applied, is by creep failure.  Therefore creep testing of the welds is an 
important area for future study. 
Finally to conclude, the weld parameters used for the PQR test will be used 
to specify a welding procedure.  It is acknowledged that further testing is 
required to fully verify these parameters but that only the physical application 
of a weld to an operational component can achieve this verification. 
6.4 Preliminary Weld Procedure Specification (pWPS) 
The WPS document details the practical application of the Procedure 
Qualification Record (PQR) and should contain all information required by the 
welder, detailing all variables associated with the welding process.  Following 
our PQR test welding phase we can now specify a preliminary WPS.  We 
shall term it a ‘preliminary WPS’ since further testing of the weld performance 
may necessitate changes being made to the specification.  This testing will 
involve performing welds, in accordance with this pWPS, on actual operating 
components for monitoring of their in-service performance. 
As the ASME code does not have specifications for friction welding the 
British Standard[44] (EN ISO 15620:2000) and the American Welding Society 
standard (AWS C6.2/C6.2M:2006 - Specification for Friction Welding of 
Metals)[68] were referenced as guides for documenting a pWPS. 
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The pWPS document has been included as Appendix D and was compiled in 
accordance with an ESKOM weld procedure document. 
6.5 Further Weld Investigations 
An area of uncertainty arose during this weld development process which 
required brief investigations.  It was unsure as to what effect the pre-heating, 
and the post weld heat treatment had on the weld properties.  Studies, such 
as the one by Rajsekhar et al[98], have been performed on conventional 
friction welds which show that PWHT results in an improved toughness at the 
expense of strength. 
Therefore to assess the PWHT effect on FTSW welds a hardness 
comparison was performed between an ‘as-welded’ and PWHT weld.  In 
conjunction with this a residual stress investigation was also undertaken to 
assess the residual stress condition of an as-welded, preheated and PWHT 
weld. 
6.5.1 Effect of PWHT on the Weld Hardness 
To assess the PWHT effect two FTSW weld coupons were produced with 
identical process parameters for hardness measurement.  One coupon was 
left in the ‘as-welded’ condition while the other coupon underwent a specified 
PWHT procedure (PWHT performed as per the PQR welds).  The coupons 
were sectioned through the weld axis, polished and finally etched to reveal 
the weld macrostructure.  This allowed for defining the boundaries of the 
HAZ. 
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Figure 6.47:  Position of hardness measurements 
Figure 6.47 shows the position of the lines along which the hardness 
measurements were taken on each of the macrographs.  Measurements 
were taken by means of a Vickers (HV) microhardness tester with a test load 
of 0.5[kgf] and dwell time of 15[sec] for all measurements. 
Figure 6.48 and Figure 6.49 show the horizontal and vertical hardness 
measurement plots.  Also indicated on the plots are the HAZ boundaries. 
 
Figure 6.48: Hardness measurements along horizontal line ‘A’ 
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Figure 6.49: Hardness measurements along vertical line ‘B’ 
As can be seen there is a considerable reduction in hardness from the as-
welded weld to the PWHT weld, indicating that good annealing has taken 
place by the application of the PWHT procedure.  This confirms that the 
PWHT process should form part of our process specification. 
6.5.2 Residual Stress Investigation 
The aim of this investigation was to assess what effect the pre-heating and 
PWHT processes have on the residual stress condition of a FTSW weld.  For 
this investigation three FTSW weld coupons were produced with identical 
process parameters from 10CrMo9-10 steel.  One coupon was left as-welded 
(welded at room temperature with no PWHT), another was welded after 
preheating to 250°C (no PWHT), and the final coupon was welded at room 
temperature followed by an annealing PWHT process for the material. 
Residual stress measurements were performed by neutron diffraction 
scanning, with the experiment being performed at the ILL on the SALSA 
beam line.  Scans were performed across one half of the coupons from the 
weld axis centre to obtain representative strain data. 
What the results of the experiment showed is that preheating, as well as the 
PWHT of the weld do have a stress relieving effect on the residual stress 
state of the completed weld.  As expected the application of PWHT in 
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particular has a significant influence, as can be seen by the strain plots in 
Figure 6.50.  Again this confirms that the PWHT process should form part of 
the process specification. 
 
Figure 6.50: Hoop Residual strain distribution plots 
For a more comprehensive report of the residual stress experiment results 
reference can be made to Appendix E. 
AS WELDED 
PRE-HEATED 
PWHT 
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6.6 Discussion 
This chapter has shown that the methodology for the development of the hole 
plugging procedure, as set out in Chapter 5, has been successful.  It has 
allowed us to set out a welding procedure for initial implementation of the 
repair procedure on thick walled pipes.  This was important as the creep 
sample retrieval technique is now an extremely viable procedure, which 
would not been as desirable if the repair could not have been achieved by 
this alternative friction welding technique.  It has been acknowledged that the 
in-service performance of the FTSW welds will be the defining acceptance of 
the weld specification, also allowing further development of a comprehensive 
and qualified testing procedure (PQR).  As such the weld development 
should be seen as an ongoing process which can only be fully completed 
after the in-service testing qualifies the welds for full industrial application. 
This work now completes our repair phase of the overall procedure 
developed during the course of these works.  The sample retrieval and repair 
process can now be initiated and applied to high temperature 10CrMo9-10 
steel steam pipes and components. 
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CHAPTER 7 SUMMARY AND FUTURE WORK 
This work was undertaken with the aim of contributing to, and expanding, 
creep monitoring procedures in high temperature components used in the 
power generation industry. 
Our original objective, detailed in Chapter 1, stated we were attempting to 
develop a procedure that will provide a method of creep sample retrieval, as 
well as an alternative repair technique of the sample retrieval location.  We 
had three main sub-problems to address in order to achieve our objective.  
These were firstly; to develop equipment to implement the sample retrieval 
and the repair operations; develop a creep sample retrieval procedure; and 
finally to develop a friction welding repair procedure for the retrieval site.  All 
the sub-problems have been successfully addressed; with the equipment 
development detailed in Chapter 3; core retrieval procedure in Chapter 4; 
and the friction repair procedure in Chapters 5 and 6, thus concluding our 
scope of work. 
All that remains is to provide a combined summary of the developed 
procedure, as well as to discuss the way forward from here.  We will also 
suggest some areas for future investigation. 
7.1 Summary 
This work has effectively achieved its intended objective and has concluded 
with purpose built equipment and an implementable procedure for creep 
sample retrieval and repair of the retrieval site.  This procedure has been 
termed the Weldcore™ procedure.  Figure 7.1 gives a graphical depiction by 
cross-sectional views of the 5 stages required by the procedure to retrieve a 
creep sample and then repair the hole left by the sample retrieval operation.  
As can be seen the first three stages are effectively the core retrieval 
operation developed in Chapter 4.  Here the core cutter is used to produce 
the cored blind hole with tapered sides.  The core is then undercut and finally 
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removed for creep analysis.  Stage 4 is the final preparation of the hole for 
the repair operation by the FTSW technique.  Finally, stage 5 is the actual 
repair operation by the FTSW parameters developed in Chapter 6. 
 
Figure 7.1:  Overview of developed Weldcore™ procedure 
Following the development phases for the Weldcore™ procedure it was then 
successfully demonstrated on a test rig, which is shown in Figure 7.2.  As 
can be seen the test rig is an actual section of used steam pipe, secured to a 
frame, to which the PFWP is mounted, simulating its actual operating 
position.  These trials showed that the procedure is relatively quick to 
conduct.  Typically the entire procedure takes less than an hour from initial 
equipment setup until a competed repair has been made.  The coring 
operation is by far the most time consuming task, which must be conducted 
carefully to ensure against cutting tool breakages.  After the core has been 
retrieved the friction weld repair is completed in a matter of minutes.  In 
Figure 7.2 a number of completed welds on the pipe section can be seen, as 
well as a completed cored hole (lower hole) and a finished hole after core 
removal. 
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Figure 7.2:  Demonstration of WeldcoreTM procedure 
This work was conducted in close consultation with South African power 
utility ESKOM so as to ensure it conforms to their requirements for 
implementation to their power stations.  Since the developmental phase has 
demonstrated the procedure and has now been approved by ESKOM the 
next step is its actual implementation on operational pipelines at an ESKOM 
facility.  The application will be initially applied to less critical areas of the 
plant for approval purposes.  Creep sample retrieval will be undertaken and 
the repair performed according to the pWPS.  These repair welds will then be 
carefully monitored by NDT techniques to assess their in-service 
performance.  This performance data should be able to contribute to the 
identification of appropriate testing protocols for stipulating of a PQR for the 
FTSW process in high temperature components.  This will ultimately provide 
an optimised WPS for industrial implementation. 
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The benefits of the procedure developed by this work must be reiterated.  
Knowing the creep condition of all high temperature plant components is of 
critical importance in allowing the correct maintenance decisions to be taken 
to ensure reliable, safe and economical operation of the plant.  Therefore it is 
desirable to have procedures in place that will allow for maximising of this 
creep condition knowledge.  This is what the Weldcore™ procedure will 
contribute too.  The creep samples that the procedure will retrieve will allow 
for a vastly improved creep condition assessment of ESKOM power plant 
components.  The sampling technique can be classified as non-destructive 
as the sampled components do not require removal or replacement.  The 
creep analysis will now not be restricted to the outer surface, as is the case 
with the Replica technique, but will provide data through the depth of a 
component.  The sampling can now be taken on components at elevated 
temperature and also relatively quickly.  In conjunction with the Small Punch 
creep test results can also be obtained in a vastly shorter time span, with the 
real possibility of obtaining data within the current maintenance shutdown 
period.  Any critical component replacement decisions, and actions, can then 
be made immediately instead requiring the scheduling of further shutdown 
periods.  Also, the improved creep condition knowledge will provide 
assurance as to when components require replacement, enabling safer and 
more cost effective plant management. 
7.2 Recommended Future Works 
What our work has shown is that by use of our custom designed and built 
equipment it is feasible to extract a sample for creep testing and then repair 
the extraction site by the FTSW technique.  However, even though we have 
shown that the FTSW technique is a feasible repair technique the welds in-
service performance still requires qualification before the Weldcore™ 
procedure can be fully qualified for industrial implementation.  Therefore the 
future work involves this qualifying of the in-service performance of the 
FTSW repair welds.  This work has been planned and will be conducted on 
live steam carrying components in a power generation facility.  Long term 
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monitoring of these welds will be performed to ensure their qualification for 
full application of the Weldcore™ procedure. 
The development of the process parameters for the FTSW repair operation 
identified certain areas which will require ongoing research.  As mentioned 
the FTSW / FHPP technique is a relatively new technique in terms of its 
industrial application.  As such the lack of process data available to apply the 
technique requires further investigations.  Suggested areas of investigation 
are: 
• This work covered components made up of 10CrMo9-10 steel but a 
number of grades of creep resistant steel are in use in power 
generation plants.  Therefore weld studies are required to qualify the 
FTSW technique for these various grades of steel 
• The effect on the weld quality that varying the hole and tool geometry 
brings about requires dedicated study so as to allow for the 
optimisation of these process variables 
• Conduct a study for the implementation of a two stage welding 
parameter setup to solve the high to low tool pressure effect, due to 
the tapered tool geometry, when running a constant tool force setting 
• Our Matrix ‘B’ test welds showed that visually similar welds can be 
produced for a range of process parameters.  We selected one set of 
parameters for the PQR test demonstration.  Similar tests can also 
be conducted when selecting other process parameter combinations 
from Matrix ‘B’ 
• For our weld development we made use of a constant forge force.  
The effect on weld quality of varying the forge force can be 
investigated further 
• One area of concern was encountered during the PQR testing phase 
and that was that the bend tests revealed a reduction of ductility at 
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the weld bonding region.  This requires further study for optimising of 
the welding parameters to improve weld ductility 
• Further study is required for the identification of, and influence of the 
precipitate alignments at the weld interface 
• The one common frustration throughout the weld testing phase was 
the lack of a guiding standard.  The development of a suitable PQR 
test specification is of critical importance to the further development 
and implementation of the FTSW/FHPP welding technique to 
industrial applications.  The weld trials conducted here are merely 
the initial stages in developing a PQR test standard but more 
extensive investigations will be required for the setting of a suitable 
standard 
• Importantly for application of FTSW welds to high temperature 
components a creep performance study is required 
• A suitable heat treatment procedure for stress relieving of the weld 
repairs on industrial components requires development.  Induction 
heating is currently being investigated as a possible solution 
This work has enabled a start point for these types of studies, some of which 
have already commenced, as equipment is now available to apply the FTSW 
process in practice. 
Finally, what can also be attempted now is the refinement of the process 
equipment.  When the design of the equipment was undertaken the process 
requirements were not fully defined, as discussed in Chapter 3.  Now we 
have a vastly improved understanding of the process parameter 
requirements which will allow for improvements to be made to the PFWP.  
Primarily a reduction in the size of the equipment can be achieved, as we 
now know that the tool force capacity of the equipment can be reduced by as 
much as 35%. 
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Abstract 
 
Great strides in development and refinement of friction welding (FW) techniques 
have prompted studies to investigate whether benefits from the process can be 
exploited in the power generation milieu where arc welding traditionally represented 
the vast majority of repair and maintenance operations.  Principal benefits and 
inherent good properties of this process of interest were : Superior weldment quality 
compared to traditional arc welding techniques; simple equipment; reproducibility of 
welding parameters; reduced time and costs for specific applications; repair damaged 
component previously considered not viable for weld repairs.  Limitations of the 
process are mainly as a result of the process still being developed to its full potential, 
while potential areas of application poses technical challenges to compliment the 
technology with suitable equipment.  
 
Eskom studied a selected number of potential applications for FW on stainless steel 
and creep resistant material with the principal aim to apply the techniques in-situ.   
Elaborate and costly conventional weld repair procedures can be avoided furthermore, 
a novel tool for efficient material sampling has resulted from the studies.  Portability 
of the welding equipment was a key factor while the necessity of only local heat 
treatment further improves on the viability and cost effectiveness. 
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Introduction  
 
Power Stations owned by Eskom have operated in excess of 160k hours on average, 
the oldest generating set approaches 270k hours of life consumed.  Eskom aspires to 
contain costs and ensure long term plant health through effective maintenance and 
repair techniques to.  Managing high temperature and pressure plant life requires 
accurate evaluation of the damage status resulting from degradation mechanisms, of 
which creep is the most pertinent.  Creep results in microstructural degradation which 
is quantified in terms of remaining life estimates.  The principle method used for 
microstructure evaluation is surface replication, a tried and trusted technique with 
limited application nonetheless as it cannot provide sub-surface (through section) 
material damage information.  Furthermore, to determine physical properties of the 
material one has to resort to other methods such as sample extraction.  In the majority 
of cases sample removal is not possible for practical reasons related to weld repairs 
and subsequent heat treatment to the area where the sample was removed.  Successful 
weld repairs of a sample extraction cavity on creep degraded materials depends  by 
the anticipated response of the microstructure to weld failure mechanisms such as 
hydrogen induced cracking on hardenable alloys and re-heat cracking pertinent to the 
Cr-Mo-V group of steels, not to mention the negative influence of thermal cycles.  
Welding performed on these components require careful planning, conservative 
failure preventative techniques and elaborate heat treatment procedures, all 
contributing to escalation in maintenance costs.  Novel repair techniques with a non-
arc welding process could facilitate more efficient and cost effective life extension 
techniques for Eskom plant. 
 
Friction welding principles 
 
Since Bevington filed the first patent for the use of friction welding and processing 
materials in the late 19th century (1) around 17 techniques of using friction 
constructively to join, cut, clad and process materials have evolved, notably rotary, 
radial orbital FW joins symmetrical and asymmetrical forms of bars, tubes.  Friction 
stir welding (FSW) invented at The Welding Institute (TWI) and patented in 1991 
provided the means to perform butt joints on long seams. Friction Hydro Pillar 
Processing (FHPP) is a comparatively recent solid-phase welding technique.  This 
technique is the focus of considerable R&D interest because of its potential in 
fabrication and manufacturing where it offers a number of novel production routes (4, 
5).  While development of the FHPP process is ongoing, it already shows promise for 
joining and repairing even thick plate in ferrous and non-ferrous materials.  FHPP 
techniques involve rotating a consumable rod co-axially in a circular hole, under an 
applied load to continuously generate a plasticised layer.  The layer consists of an 
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almost infinite series of adiabatic shear surfaces.  Principal features of the process are 
illustrated in Figure 1. 
 
 
Figure 2: Basics of FHPP with rotating weld 
consumable (i), plastisised zone (ii) and set weld 
material (iii) (REF 6) 
 
Good quality FHPP welds have been produced, using a parallel hole geometry, in 
steel and certain non-ferrous materials, and these have been characterized by good 
impact, tensile, and bend results (6, 7, 8).  Good mechanical integrity can be achieved 
and Impact tests have demonstrated that a significant improvement in toughness 
properties can also be achieved.  Metallographic examination has shown that the 
FHPP deposit material is hot-worked with very fine-grained microstructure. 
 
FW benefits of interest to Eskom 
Developments in the field of friction welding (FW) during the last decade have been 
marked by significant achievements by various research institutions.  It has reached 
the stage where benefits from the process can be exploited in the power generation 
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milieu where arc welding traditionally represented the vast majority of welding 
processes.  Principal benefits and inherent good properties of this process are: 
 
Superior weldment quality compared to traditional arc welding techniques:  Friction 
weldments exhibit inherent good properties.  Microstructure phase transformation, 
that is ferrite to austenite and back, occurs to a lesser extent.  This limits the 
occurrence of short range stresses due to volume changes and the complicated 
negative effects of gas solubility changes which are particularly pertinent to negative 
effects of the diffusion of dissolved hydrogen from different areas around the 
weldment.  The lower temperatures involved also results in a very narrow heat 
affected zone (HAZ).  This in turn limits the volume of potentially hard and brittle 
microstructure with associated problems such as hydrogen embrittlement often 
experienced on high strength low alloy steels.  For stainless steels the occurrence of 
sensitization can also be significantly reduced.  The completed weldment exhibits a 
very fine homogeneous microstructure, a feature that is conducive to good impact 
toughness properties 
Simple equipment:  The electro-mechanical equipment required for friction welding is 
more energy efficient than arc welding power sources, requires limited maintenance 
and apart from welding tools and electric power relies on no other consumable (REF 
4) 
Reproducibility of consistent welding parameters.  For instance an all-position 
welding process does not rely on a high level of operator skill and training to produce 
consistent good results compared to arc welding processes.  The process is thus 
ideally suited to automation 
Reduced time and costs for specific applications:  The friction welding involves a 
solid state welding process, no volume change during solid to liquid state occurs and 
thermal stresses are thus significantly less if compared to a welding process that relies 
on a molten weld pool.  This implicates much reduced effort for the weld set-up 
especially if post weld heat treatment (PWHT) can be omitted.  PWHT for thermal 
stress relieving purposes requires significant time to affect and often requires pipe 
blocking.  If FHPP is to be performed on a component with close tolerances such as a 
turbine rotor, little or no costly machining will be required to rectify distortion after 
welding.  Shielding gas is not essential.  Weld joint preparations needn’t be accurately 
machined, and special cleaning for oxide and other contaminants is not required, a 
further potential reduction in time and cost 
Refurbish damaged component previously considered not viable for weld repairs:  
The physical properties of the friction welding process lend itself to special niche 
applications that render previously scrapped components candidates for repairs. 
Inherent good mechanical properties promote the repairs of high integrity weldments 
such as for turbine shafts, discs and blade roots 
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From a process point of view virtually no fumes are generated, minimal distortion 
experienced and no spatter has to be removed afterwards 
 
Limitations of the process are mainly as a result of the process still being developed to 
full potential and many potential areas of application poses technical challenges with 
regards to the application with suitable equipment. 
 
Procedures 
Pre-study FHPP and FTSW at NMMU (9) 
A comprehensive literature survey was performed to gather all the information 
required to compile a suitable test matrix.  To avoid incurring unnecessary expenses 
prematurely, the chances for success was first gauged through a low budget feasibility 
study performed at the Nelson Mandela Metropolitan University (NMMU) which 
indicated that good weldments can be achieved through further development of the 
basic weld test matrix.  A limited number of FHPP weldments were performed on low 
carbon steel test plates, yielding areas of good fusion on some of the samples.  The 
principal objective of this investigation was to test the viability of the Friction Hydro 
Pillar Process (FHPP) welding technique as a process for plugging holes in steel 
sections.  Due to the lack of literature concerning the FHPP technique there was some 
difficulty in selecting start parameters for this viability study.  Parameters that 
required consideration before testing could commence were: 
• parent material and consumable tool material 
• hole geometry: diameter, depth and profile 
• consumable tool geometry: size and profile 
• process parameters such as rotational speed, feed rate of the tool during 
welding and downward force (Z force). 
Typical test coupons prepared for the feasibility study is depicted in Figure 2. 
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Figure 2: Test Samples showing consumable tools and test blocks with 
prepared holes 
 
A modified Nicholas-Corea milling machine was used to carry out the test welds, 
shown in Figure 3.  The machine has been modified to carry out Friction Stir Welding 
research making it suitable for this investigation.  The mill head has a custom fitted 
telemetry device used to monitor spindle speed (rpm), down force (N) and torque 
(Nm).  Motor modifications allow for a max spindle speed of 2800 rpm. 
 
 
Figure 3: Test weld in progress on milling machine 
 
Figure 4 shows a test in progress.  A standard machine vice was attached to the bed of 
the milling machine and was used to clamp the test sample block in position.  The 
consumable tool was set in the milling head by means of a standard collet chuck. 
 
Consumable 
Tool in mill 
head chuck 
Test Block clamped 
on mill bed with vice 
Telemetry system for 
data measurement 
Consumable Tool 
i  ll t h k 
Test block with 
  
Consumable 
Tool in test 
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Figure 4: Weld in progress showing tool 
upset in plasticized condition 
 
Initial tests did not successfully achieve the Friction Hydro Pillar Process, however, it 
did show enough evidence that the process is possible.  Although sectioning revealed 
large cavities on most of the welds some areas displayed adequate bonding.  It was 
obvious that obtaining the correct relationship between the rotary speed of the tool 
and the down force on the tool will be critical in perfecting the FHPP.  This will in 
turn be determined by the material characteristics of the weld material. 
 
Although the FHPP was not successfully demonstrated per se, it was concluded that 
success was possible through a well-planned in-depth study. 
 
Weldability performed by TWI (10) 
TWI was subsequently requested to propose a suitable methodology to develop FHPP 
and FTSW for application on creep resistant and martensitic stainless steel alloys.  
Engaging TWI to perform weldability tests potentially had notable benefits: 
 
• Direct access to the world authority on the subject 
• Reduced development time 
• Peer review 
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Principle objectives were to develop FHPP and FTSW parameters for filling an 8 mm 
diameter hole, approximately 10 mm deep, in Cr-Mo steel and martensitic stainless 
steel test samples followed by an assessment through metallographic techniques.  
Weld parameters were varied in an effort to produce a fully bonded hole fill.  Several 
hole/stud geometries were investigated to achieve the best possible repeatability in 
acceptable side-wall and bottom of hole fusion.  For FHPP a bull-nose type of profile 
provided the best results, however, a small discontinuity at the centre of the hole 
bottom was omnipresent and proved to be difficult to avoid. For through-hole repairs 
such as for turbine blade roots, this will not be a factor after the hole is re-drilled.  A 
cross section of a FHPP weldment in Figure 5 shows good sidewall bonding with a 
typical flaw at the bottom.  
 
 
 
Figure 5: FHPP weldments showing small 
flaw at bottom centre 
Figure 6: A Good FTSW on low alloy 
steel 
 
Optimum FTSW relies on correct hole/stud geometries of the taper angle, rotation 
speed and downward pressure.  Notwithstanding the relative narrow band of 
parameter ranges, the FTSW study yielded good repeatability with consistent good 
side-wall fusion while bottom-hole flaws were not a major problem as showed in 
Figure 6. 
 
Resultant samples were sectioned, etched and polished for metallographic evaluation 
and reported with macro and microphotographs while hardness surveys were 
conducted on selected samples.  For both processes hardness checks yielded elevated 
hardness, however initial PWHT studies showed temper response to be good for the 
weldments. 
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Portable FTSW platform 
Approach 
A key factor for effective application of the technology within Eskom plant will be to 
develop and manufacture a portable device to machine and subsequently to plug blind 
holes on selected components.  These would mainly be thick-walled components such 
as turbine and pump casings, valve bodies and boiler tube headers mostly 
manufactured from creep resistant Cr-Mo materials.  Another important application 
will be rotating turbine components such as blades, discs and shafts manufactured 
from martensitic stainless steels and high strength low alloy steels. 
 
Important specifications envisaged for such a device were: 
 
• Accommodating a core drill tip that can produce a maximum 12 mm diameter 
parallel sided hole up to a maximum depth of 25 mm. 
• Accommodating a reamer tool to chamfer a 12 mm hole, 25 mm deep to 
approximately 1 in 5 taper. 
• Be capable of plugging a 12 mm parallel sided blind hole up to 25 mm deep 
with the FHPP technique. 
• Be capable of plugging a 12 mm parallel sided blind hole tapered to 1 in 5 up 
to 25 mm deep with the FTSW technique. 
• The device to be based on a combination of electric/pneumatic/hydraulic 
actuating, clamping and rotating components to apply the necessary clamping 
force and rotational torque to perform the above tasks. 
• The device must be capable to operate in close proximity of a component weld 
preheat up to 200°C 
• Have a maximum  profile height of 300 mm 
• Weighing less than 30 kg (components) 
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Platform design 
A Portable Friction Welding Platform (PFWP), capable of carrying out hole repairs 
on thick walled steel pipe sections, was designed, registered and manufactured by the 
friction stir processing research group at the Nelson Mandela Metropolitan University 
(NMMU), Port Elizabeth. 
 
Modular in design the platform facilitates easy transport and positioning, that can be 
remotely operated at a distance of 30 meters.  Figure 7 shows the basic assembled 
modular arrangement of the machine without the power and control systems, while 
Figure 8 shows the machine during commissioning with control, power and hydraulic 
lines attached. 
 
 
 
Figure 7: Basic in-situ assembled modular arrangement of 
Portable Friction Welding Machine (PFWP) 
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Figure 8: FW Machine working setup 
 
The welding cycle is fully automated and pre-programmed with set points for 
rotational speed, welding force, tool travel, forging force and forging time.  Once 
these parameters are set and the weld cycle started the machine automatically 
completes the weld.  This results in extremely consistent control of the process 
parameters, which are also monitored and recorded for verification purposes. 
 
Maximum operating conditions for the equipment are a spindle speed of 5000rpm and 
a welding/forging force of 40kN.  Vertical head travel is limited to 100mm. 
 
Figure 9 shows a typical FTSW completed by the PFWP equipment.  The equipment 
consistently produced a fully bonded interface on a 25mm deep friction taper plug 
weld in a 40mm thick rounded creep resistant steel section, with a typical weld time 
of 20 to 25 seconds. 
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Figure 9: FTSW in test block and cross-sectional view of the weld 
 
Weldment investigation of FTSW 
Preliminary Temperature Measurements 
A preliminary heat flow study was done of actual process temperatures by embedding 
thermocouples inside the base metal, at different positions around the weld.  The first 
set of points were measured at a distance of 6mm from the top surface with the 
thermocouple about 2.4 mm away from the predicted inter phase line of the base and 
tool material.  Subsequent sets of data were recorded from the weld centre line 
towards the edge of the sample, but at a depth of 4mm below the bottom of the hole in 
the base material.  The processing parameters for the experiment were 5000 rpm with 
a 15mm burn-off, resulting in a weld time of just over 30 seconds.  It must be noted 
that this was part of a preliminary study to quantify the actual temperatures and that 
the research group are currently busy with heat flow modelling work supported by an 
experiment with 30 embedded thermocouples to measure the temperatures at various 
positions.  Figure 10 shows the temperature decay profile. 
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Figure 10: Temperature Measurements 
 
The maximum temperature recorded of 964°C, 70% of the melting temperature of the 
material, was measured at the top of weld at position 2.4mm from the weld interface. 
The temperature directly below the weld area was about 620°C.  This is in the typical 
hot working range of the material, e.g. forging. 
 
Hardness measurements 
Hardness measurements were taken on the cross section of a FTSW weld on a 
horizontal plane at a depth of 5mm from the top surface (Figure 11). 
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Figure11: Hardness values across the weld at 5mm depth  
[             Mirrored profile] 
 
 
The x-axis showsthe horizontal distance from the centreline (axis) of the weld.  From 
the macrograph it was found that the HAZ starts approximately 5mm away from the 
weld axis, up to 9.75mm from where the original parent material starts.  The interface 
between the stud material and the parent block material is at 5mm, with the material 
within the 5mm range all being stud material. 
 
It can be seen that there is a sharp increase in hardness from the parent block material 
to the HAZ.  The measurement taken on the bond interface showed a reduced 
hardness.  The plug material also displayed an increased hardness over the parent 
material but with a slightly lower hardness value than the peak value in the HAZ.  The 
hardness profile values dictate that appropriate heat treatment procedures must be 
implemented to stress relieve the weld area. 
 
Residual Strain data 
Through thickness residual stress data is technologically important, as residual 
stresses are known to affect the fatigue performance of welds in thick higher strength 
steels in ways that are unpredictable.  Residual stresses were obtained on the basis of 
hole drilling and surface x-ray residual stress measurements.  The information on the 
3-dimensional stress field in thick steel sections welded by the FTSW technique 
provides a basis for the quantifying of induced residual stresses. 
 
The identification of parameters that produce a weld of acceptable quality is required.  
For process optimisation an understanding of the relationship between the process 
parameters and the resultant influence of the weld on the surrounding material is 
essential.  Without this knowledge the classification of an acceptable weld cannot be 
fully characterised as the assumption is that the FTSW process will alter the residual 
stress state of the surrounding base material.  The ultimate purpose of this work is to 
optimise the parameters to achieve the best combination of mechanical properties and 
residual stress distribution for process optimisation. 
 
Appendix E.1 
 
184 
 
In this work the FTSW welds were made with a variety of welding parameters to 
create different rates of thermo-mechanical energy input.  Table 1 below details the 
experimental matrix considered. 
 
Table 1: Experimental weld parameter matrix 
 
Weld No. 
Spindle 
Speed 
(RPM) 
Tool 
Pressure 
(Bar) 
Tool 
Force 
(kN) 
Burn-
off 
(mm) 
Holding 
Time 
(s) 
FTSW_ILL_03 5000 68 17.775 7.0 18.0 
FTSW_ILL_04 5000 68 17.775 12.0 18.0 
FTSW_ILL_05 5000 68 17.775 17.0 18.0 
 
Neutron diffraction experiments were performed on SALSA at the ILL in Grenoble, 
France.  Energy of the reactor was 53 MWatt and the wavelength used 1.7 Å.  Scans 
were performed across one half from the centre of three welds to obtain representative 
longitudinal, transverse strain profiles which will be reworked to stresses and related 
to the different burn-off rates.  The longitudinal and axial strain scanning was 
performed along the 110 reflection plane while the reflection strain scanning was 
changed to the 220 reflection plane in order to accommodate the larger volume 
material to be penetrated.  Typical set-up at the ILL on the SALSA platform is shown 
in Figure 12. 
 
 
Appendix E.1 
 
185 
 
 
Figure 12: Set-Up for Longitudinal Strain 
Scanning 
 
 
Figure 13 depicts the first data sets of longitudinal residual strain distribution across 
the as-welded transverse section of welds made with a constant spindle speed of 
5000rpm, but different combinations of tool feed or burn-rate.  A clear difference in 
the position and appearance of the maximum and minimum values of longitudinal 
strain can be observed as the burn-off increase.  Taken in conjunction with the 
mechanical property, metallographic and dynamic performance data clear insight into 
weld processes can be extracted.  This work is currently underway and detailed RS 
data is planned for publication. 
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Figure 13: Longitudinal Residual Strain distribution 
 
 
Application of FW technology on Eskom plant 
Developments in the field of FW have reached the stage where benefits from the 
process can be exploited in the power generation milieu where arc welding 
traditionally represented the vast majority of welding processes.  The principal 
benefits and inherent good properties of this process render it ideal to refurbish 
damaged component previously considered not viable for arc weld repairs.  
Applications for Eskom now have become a logical step.  This can thus be deemed 
the technology transfer phase of the project after completion of the construction of the 
welding platform, qualification of welding procedures and verification of the welding 
parameters. 
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Turbine applications 
Exploratory talks started in 1998 with TWI on the prospects of plugging turbine blade 
root pinholes with friction welding technology.  To grasp the application potential of 
FW within Eskom turbine plant the following questions needed to be asked: 
 
Can existing friction welding techniques be developed and applied for various hole-
plugging scenarios? 
Can a portable friction-welding device be designed and built for in-situ plugging of 
holes?  Some of the low-pressure steam turbines designs on Eskom power plant 
utilize a tapered pin-in-hole configuration to attach blades to the turbine rotors.  The 
blade root design typically uses a  tapered pin attaching it to matching taper holes on 
the turbine disc rim.  Maintenance and severe operating conditions limits the life of 
turbines with this design due to 
 
Inspection of the rotor and blades requires removal of the pins.  Subsequent 
replacement of new pins necessitates reaming of the holes for accurate taper fitting, 
compromising minimum design ligaments between adjacent holes after a limited 
number of remove/replace cycles 
Severe operating conditions can cause fretting, pitting and stress corrosion to the 
pinholes.  One method of removing the damage is by reaming the holes, a procedure 
that is limited by the minimum design ligament thickness between adjacent holes 
 
Possible repair options that could be used to salvage the blades and turbine discs were 
investigated previously.  Electron beam welding (EBW) can potentially produce a 
narrow, high quality autogenous weld.  The concept EBW of a plug from both sides 
on the two root prongs/forks of the LP blade was evaluated on an actual blade with 
taper pin driven in place, giving very promising results.  However, general application 
of this option will be limited in the Eskom context due to severe constraints on 
component size that can be accommodated in the vacuum chambers as well as the 
lack of mobility for on-site work 
 
A combination of the FTSW and FHPP processes is considered an alternative repair 
technique that can potentially be used to restore turbine blades to service.  A cross 
section of a typical turbine blade in Figure 14 shows the required repair scenario, 
while the sequence for such a repair is illustrated in Figures 15 to 17. 
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Figure 14: Typical turbine blade root pin 
hole configuration 
Figure 15: FHPP repair to middle hole 
 
 
Figure 16: FTSW repair to outer hole Figure 17: Repaired holes ready for re-drill 
 
Material sampling 
One particular application envisaged with the FHPP and FTSW process was to 
develop a sample extraction and subsequent hole plugging method.  This would be a 
significant improvement on current plan life extension activities.  The current 
methods used to extract component wall samples are limited to superficial depths and 
requires accurate calculations to establish acceptable minimum remaining wall 
thickness.  If the excavated area can be conveniently repaired, deep extraction of 
samples will be possible without compromising component integrity. 
 
Sample coring and hole plugging stages are illustrated in Figure 18 
 
1. Core cutting tool plunged to predetermined depth. 
2. Sample is notched at the base with custom tool 
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3. Sample is removed with twisting motion 
4. Blank hole prepared  for plugging with tapered tool 
5. Tapered stud consumable used to plug hole 
6. Local normalising and temper heat treatment applied with induction coil 
 
 
Figure 18: Schematic of sequence for core sampling and hole plugging followed by 
PWHT 
 
For the PWHT step a purpose made induction heating coil will be used to temper the 
weldment microstructure to acceptable hardness levels.  Specialised equipment 
supplied LH Power provides the power source for the induction coils.  An in-depth of 
heating parameters was conducted to establish the optimum heat penetration that can 
be achieved by variation of the measured surface temperature for certain heating 
times.  Figure 19 shows the equipment while the localised heating effect is illustrated 
in Figure 20. 
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Figure 19: Induction heating 
equipment 
Figure 20: Localised heating effect 
demonstrated on thick-walled pipe 
 
Discussion 
Initial research performed at NMMU provided proof of concept which lead to further 
detailed process development at TWI for specialised hole repairs to steam pipes by 
friction welding techniques; Friction Hydro pillar Processing (FHPP) and Friction 
Taper Stud Welding (FTSW).  Both these techniques involve the ‘plugging’ of a hole 
by rotating a consumable tool in the hole with the generated friction resulting in a 
bond forming between the tool and the hole walls by the resultant molten material.  
From this work it was decide to go the FTSW route as the process proved to be more 
forgiving, lending it to robust industrial applications.  This lead to the research, 
develop, design and manufacture of a prototype portable platform to perform the 
friction welds for in situ hole repairs in an industrial environment.  Phase three of the 
project involved the testing of the performance of the equipment to ensure that the 
design is capable of performing welds as per the developed process parameters.  The 
design of the equipment had to be verified to ensure that the process parameters for 
FTSW can be achieved successfully.  Ongoing work focuses on the evaluation of the 
weld properties as produced by the prototype equipment, as this will reveal important 
information for process optimization. 
 
FTSW repair procedures can be separated into number stages, as detailed below: 
Hole preparation stage - the correct hole geometry to suit the tool shape must be 
created by means of the appropriate cutter 
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Preheating stage 
Hole plugging stage 
PWHT stage 
 
 
This is the first time that such detailed mapping of the residual strains/stresses and 
other mechanical properties has been performed in FTSW welds as a function of a 
consistent set of process parameters.  Future work will also show how heat treatment 
processes influence the residual stress field of the weld region.  This extended 
understanding of the interaction of process parameters and related weld properties 
will permit the selecting of process parameters that allow for optimised residual stress 
field and fatigue properties.  This whole area of ‘process and stress engineering’ is of 
high technological significance to advancing performance in many high technology 
applications limited by residual stress and structural integrity interactions.  Residual 
stress data will help to validate FE model predictions of this process, and ultimately 
the work will lead to a better understanding of FSTW and to solid-state welding 
processes in general. 
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Abstract. This paper presents microstructural, hardness and residual strain information for solid-
state welds in creep-resistant Cr-Mo steel, made using the new local damage repair technique 
offered by friction taper stud welding (FTSW).  The technique is suitable for making single welds to 
repair, for example, localised creep damage but can also be extended to deal with planar defects 
through the use of overlapping welds.  Neutron diffraction was used to measure residual strains at a 
number of positions along a series of 5 overlapping FTS welds.  
Introduction 
Friction Taper Stud Welding (FTSW) is a solid state 
welding technique that is a variant of friction hydro-
pillar welding [1-3].  It involves plunging a rotating 
tapered consumable tool into a cavity with a slightly 
greater included angle, see Fig. 1.  The heat generated 
by friction plasticises a thin layer of tool and hole 
material.  The thin plasticized layer continually forms, 
shears and welds to produce a rising fine-grained weld 
metal pillar, as the tool is plunged downwards and 
consumed.  This creates a solid-state bond between 
the two components. 
 
Cost-effective potential uses of the 
FTSW process include making butt and lap 
welds, or repairing cracks or incorrectly 
drilled holes.  Primary benefits of the 
FTSW process are the minimal thermal and 
metallurgical degradation of the base 
material during the process, coupled with 
the ability to perform localised welding in 
thick sections of alloy steel.  Solidification 
problems such as shrinkage cracking are 
avoided using a solid-state process. 
Fig. 1 - Picture of a FTSW cavity and weld 
a) Single overlap 
 
b) Multiple 
  
Fig. 2 - Overlapping FTS welds; a) and b) Schematic 
diagrams.  c)  Actual overlap welds in 13CrMo 4 4 steel. 
c) 
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Important application areas for FTSW exist in thermal power 
plant; in particular, repair of creep damage in thick-walled steam 
pipes.  A key advantage of this technique is that it can, in 
principle, be applied to the steam pipe during operation of the 
plant or component under reduced temperature and pressure.  If 
the creep damage has led to crack growth, a planar defect may 
exist in the pipe with a length that exceeds the diameter of a 
typical FTSW cavity (~10-20 mm).  In such cases the use of 
overlapping FTS welds may allow the repair of extended defects 
(Fig. 2).  Adoption of this technique has to be based on a sound 
understanding of the microstructure, hardness and residual 
stresses resulting from the use of overlapping welds. 
This paper will present and discuss residual stress data 
obtained by neutron diffraction on the ENGIN-X instrument at 
ISIS, Oxford, along with weld macrostructure and hardness data 
for overlapping FTS welds in a creep resistant plate of 13 CrMo 
4 4 steel. 
 
Alloy and Welding Details 
13 CrMo 4 4 is a chrome-molybdenum steel conforming to the AISI A 182 Grade F11 and DIN 
17175 specifications.  It is used in high temperature applications involving continuous operation up 
to 560°C, e.g. superheater piping, hot-steam line-pipe and headers.  Table 1 gives chemical 
composition and mechanical property information.  Typical heat treatment involves two stages: a 
normalising cycle, where the steel is heated to between 900-940°C and air cooled, followed by 
tempering between 660-730°C and cooling in still air.  Slow cooling leads to a predominantly 
ferritic structure while rapid cooling (e.g. quenching in oil) gives a bainite microstructure with some 
retained ferrite. 
 
wt% C Si Mn Cr Mo P max. S max. 
UTS 
σys 
MPa 
Specification 0.10-0.18 0.10-0.35 0.40-0.70 0.7-1.1 0.45-0.65 0.035 0.035 440-590 >290 
Plate 0.16 0.24 0.52 1.0 0.44 0.004 0.005 494 341 
Table 1 - Chemical composition and tensile strength of 13 CrMo 4 4 steel. 
The specimen for residual stress measurement was prepared by making a series of 5 FTS welds 
in a plate 125x100x30 mm, each weld overlapping by approximately 8 mm.  Weld were made using 
a tool rotational speed of 5,000 rpm, a downwards force of 17.8 kN and a plunge depth (consumable 
length of tool) of 10 mm.  Fig. 3 shows details of the tool and cavity to be welded. 
Fig. 3 - Dimensions of the FTSW 
tool and cavity. 
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Fig. 4 - Macrostructure of the 5 overlapping FTS welds in the 
13 CrMo 4 4  plate  (The intersecting lines indicate the 
positions of residual strain and hardness measurement) 
3mm 
20m
 
10mm 
23m
 20mm 20mm 
A B C 
Weld Zone Microstructure 
A macro-section across all 5 welds is given 
in Fig. 4.  Fig. 5 shows high magnification 
images of the microstructures in the 
various zones associated with the FTS 
welds.  There is little discernible difference 
between overlapping and non-overlapping 
regions in the weld metal.  The parent plate 
shows a slightly banded ferrite-pearlite 
structure (Fig. 5a) with the volume fraction 
of ferrite reflecting the relatively low 
carbon content of 0.16%.  Fig. 5b shows 
the lower temperature heat-affected zone 
(HAZ) of fine-grained bainite, Fig 5c depicts the high temperature HAZ comprising coarse grained 
bainite and Fig. 5d shows the weld metal which has a bainitic structure with spheroidal carbides. 
 
 
 
 
 
a) b) 
c) d) 
Fig. 5 Typical microstructures observed in the various regions of the FTS welded plate: 
a) parent plate showing ferrite-pearlite; b) lower temperature heat-affected zone (HAZ) of fine-grained bainite; c) 
high temperature HAZ comprising coarse grained bainite; d) weld metal showing a bainitic structure with 
spheroidal carbides. 
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Hardness 
Table 2 presents typical hardness measurements at the points of intersection on the plane shown in 
Fig. 4.  It is clear that the weld hardness varies quite considerably near the surface, where cooling 
effects are maximised and will also be influenced by the weld overlap.  Line B indicates that the 
hardness near the bottom of the weld is significantly higher at the edge of a weld (260 HV) 
compared with the centre (220 HV).  This reflects both heat transfer and plastic deformation effects. 
 
 
Depth Below 
Surface 
Vickers Hardness HV30 kgf 
Line A Line B Line C  
3 mm  391 366 339 
10 mm 389 373 391 
20 mm 220 260 220 
23 mm 153 156 143 
Table 2 Hardness values across the weld zone corresponding with the intersection 
points in Fig. 4 
 
 
Residual Stress and Strain Measurements 
The stress determination was undertaken on ENGIN-X at the ISIS spallation source, STFC, UK. 
The measurements were made at the same positions A,B,C as the hardness measurements, and 
indicated by the intersection points on Fig. 4. Strain data was collected not only on this mid-weld 
plane but also on planes 4 mm, 12 mm, 18 mm, 25 mm and 35 mm behind this plane. Fig 6 shows 
the residual strain profiles as a function of depth and distance from weld centre line for positions 
A,B,C in the longitudinal direction. This direction corresponds to the hoop strain. In line with 
expectation, there is a high tensile strain just outside the weld-interface at around 10-12mm away 
from the weld centre line, decreasing with distance and becoming compressive in nature. The 
residual strains at the beginning and end of the weld show a high degree of similarity and 
consistency. The measured strains are still subject to the full correction for the unstrained lattice 
parameter in the weld itself. This, and the calculation of the residual stresses are beyond the scope 
of the paper and will be reported elsewhere. 
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Fig 6: The residual longitudinal strain profiles at positions A,B,C and different 
depths and distance to weld line 
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Conclusions 
Friction taper stud welding is an attractive novel repair welding technique with enormous potential 
for application in the maintenance of e.g. power plants. The welds produced by this technique show 
characteristics of typical friction welds, with the residual stresses peaking just outside the friction 
interface. Welds can be produce in single or multiple-overlap fashion. Neutron diffraction was 
employed to determine the residual strain fields around the FTSW, and the longitudinal residual 
strains corresponding to the residual hoop strains were presented.  
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Abstract 
 
Friction Taper Stud Welding (FTSW) is a novel welding technique that involves forcing a 
rotating consumable tool into a tapered (conical) cavity of nearly matching shape.  The 
resultant generated heat causes a plasticized layer which bonds to the bottom of the hole and 
radially to the adjacent hole side.  This is similar to other friction welding techniques such as 
linear and inertia friction welding, but involves a conical interface. Possible applications are 
repair welds in steel pipes. However, detailed knowledge of the residual stress distributions is 
essential for structural integrity interactions.  This manuscript introduces the main concepts 
of FTSW and discusses the effects of pre and post weld heat treatment on the triaxial residual 
stress field (measured by neutron diffraction) generated by FTSW in a creep resistant steel 
manufactured from 10CrMo910 steel. 
 
Introduction 
Since Bevington filed the first patent for the use of friction welding and processing materials 
in the late 19th century (1) around 17 techniques of using friction constructively to join, cut, 
clad and process materials have evolved. Friction stir welding (FSW) invented at The 
Welding Institute (TWI) and patented in 1991 provided the means to perform butt joints on 
long seams. Friction Taper Stud Welding (FTSW) a variant of the original Friction Hydro 
Pillar Processing (FHPP) is a comparatively recent solid-phase welding technique.  This 
technique is the focus of considerable R&D interest because of its potential in fabrication and 
manufacturing where it offers a number of novel production routes (2, 3).  While 
development of the FTSW technique is ongoing, it already shows promise for joining and 
repairing even thick plate in ferrous and non-ferrous materials.  Good quality FHPP welds 
have been produced, using a parallel hole geometry, in steel and certain non-ferrous 
materials, and these have been characterized by good impact, tensile, and bend results (4, 5, 
6).  Good mechanical integrity can be achieved and Impact tests have demonstrated that a 
significant improvement in toughness properties can also be achieved.  Metallographic 
examination has shown that both FHPP and FTSW deposit material which is hot-worked with 
a very fine-grained microstructure. 
Developments in the field have reached the stage where benefits from the process can be 
exploited in the power generation milieu where arc welding traditionally represented the vast 
majority of welding processes.   Friction weldments exhibit inherent good properties.  
Microstructure phase transformation, that is ferrite to austenite and back, occurs to a lesser 
extent.  This limits the occurrence of short range stresses due to volume changes and the 
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complicated negative effects of gas solubility changes which are particularly pertinent to 
negative effects of the diffusion of dissolved hydrogen from different areas around the 
weldment.  The lower temperatures involved also results in a very narrow heat affected zone 
(HAZ).  This in turn limits the volume of potentially hard and brittle microstructure with 
associated problems such as hydrogen embrittlement often experienced on high strength low 
alloy steels.  For stainless steels the occurrence of sensitization can also be significantly 
reduced.  The completed weldment exhibits a very fine homogeneous microstructure, a 
feature that is conducive to good impact toughness properties.  The process is ideally suited 
for automation.  Friction welding involves a solid state welding process, no volume change 
during solid to liquid state occurs and thermal stresses are thus significantly less if compared 
to a welding process that relies on a molten weld pool.  This implicates much reduced effort 
for the weld set-up especially if post weld heat treatment (PWHT) can be omitted.  PWHT for 
thermal stress relieving purposes requires significant time to affect and often requires pipe 
blocking.  The physical properties of the friction welding process lend itself to special niche 
applications that render previously scrapped components candidates for repairs. Inherent 
good mechanical properties promote the repairs of high integrity weldments such as turbine 
shafts, discs and blade roots.  From a process point of view virtually no fumes are generated, 
minimal distortion experienced and no spatter has to be removed afterwards.  Limitations of 
the process are mainly as a result of the process still being developed to full potential and 
many potential areas of application poses technical challenges with regards to the application 
with suitable equipment. 
   
Development of FTSW process for 10CrMo910 
A comprehensive literature survey was performed to gather all the information required to 
compile a suitable test matrix.  To avoid incurring unnecessary expenses prematurely, the 
chances for success was first gauged through a low budget feasibility study performed at the 
Nelson Mandela Metropolitan University (NMMU) which indicated that good weldments can 
be achieved through further development of the basic weld test matrix.  A limited number of 
FHPP weldments were performed on low carbon steel test plates, yielding areas of good 
fusion on some of the samples.  The principal objective of this investigation was to test the 
viability of the Friction Hydro Pillar Process (FHPP) welding technique as a process for 
plugging holes in steel sections.  Due to the lack of literature concerning the FHPP technique 
there was some difficulty in selecting start parameters for this viability study.  Parameters 
that required consideration before testing could commence were: 
 parent material and consumable tool material  
 hole and consumable tool geometry: diameter, depth and profile 
  process parameters such as rotational speed, feed rate and downward force (Z force) 
Typical test coupons prepared for the feasibility study is depicted in Figure 1. 
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Figure 1: Test Samples showing consumable tools and test blocks with prepared holes. 
 
A modified Nicholas-Corea milling machine was used to carry out the test welds.  The 
machine has been modified to carry out Friction Stir Welding research making it suitable for 
this investigation.  The mill head has a custom fitted telemetry device used to monitor spindle 
speed (rpm), down force (N) and torque (Nm).  Motor modifications allow for a max spindle 
speed of  800 rpm.  Figure 2 shows a weld in progress.  
 
 
Figure 2:  Weld in progress showing tool upset in plasticized condition. 
  
Initial tests did not successfully achieve the Friction Hydro Pillar Process, however, it did 
show enough evidence that the process is possible.  Although sectioning revealed large 
cavities on most of the welds some areas displayed adequate bonding.  It was obvious that 
obtaining the correct relationship between the rotary speed of the tool and the down force on 
the tool will be critical in perfecting the FHPP.  This will in turn be determined by the 
material characteristics of the weld material.  Optimum FTSW relies on correct hole/stud 
geometries of the taper angle, rotation speed and downward pressure.  Despite the relative 
narrow band of parameter ranges, the FTSW study yielded good repeatability with consistent 
good side-wall fusion as revealed in Figure 3.  Resultant samples were sectioned, etched and 
polished for metallographic evaluation and reported with macro and microphotographs while 
hardness surveys were conducted on selected samples.  For both processes hardness checks 
yielded elevated hardness, however initial PWHT studies showed temper response to be good 
for the weldments. 
  
   
Test block with 
prepared hole 
Consumable 
Tool in test 
block hole 
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Figure 3:  Cross-sectional view of the FTSW. 
 
Portable FTSW platform 
A key factor for effective application of the technology within Industrial plant was the 
development and manufacture a portable device to machine and subsequently to plug blind 
holes on selected components.  These would mainly be thick-walled components such as 
boiler tube headers mostly manufactured from creep resistant Cr-Mo materials.  Another 
important application will be rotating turbine components such as blades, discs and shafts 
manufactured from martensitic stainless steels and high strength low alloy steels.   
 
A Portable Friction Welding Platform (PFWP), capable of carrying out hole repairs on thick 
walled steel pipe sections, was designed, registered and manufactured by the friction stir 
processing research group at the Nelson Mandela Metropolitan University (NMMU), Port 
Elizabeth.  Important specifications for the device were accommodating a core drill tip that 
can produce a maximum 12 mm diameter profiled (inclined to approximately 1 in 5 taper) 
hole up to a maximum depth of 25 mm.  The platform was based on a combination of 
electric/pneumatic/hydraulic actuating, clamping and rotating components to apply the 
necessary clamping force and rotational torque to perform a FTSW.  The platform must be 
capable to operate in close proximity of a component weld preheat up to 200°C. The modular 
design facilitates easy transport and positioning, which can be remotely operated at a distance 
of 30 meters.  Figure 4 shows the basic assembled modular arrangement of the machine 
without the power and control systems and the machine during commissioning with control, 
power and hydraulic lines attached. 
 
Figure 4: Arrangement of Portable Friction Welding Machine (PFWP). 
 
The welding cycle is fully automated and pre-programmed with set points for rotational 
speed, welding force, tool travel, forging force and forging time.  Once these parameters are 
set and the weld cycle started the machine automatically completes the weld.  This results in 
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extremely consistent control of the process parameters, which are also monitored and 
recorded for verification purposes.  Maximum operating conditions for the equipment are a 
spindle speed of 5000rpm and a welding/forging force of 40kN.  Vertical head travel is 
limited to 100mm. 
The equipment consistently produced a fully bonded interface on a 25mm deep friction taper 
plug weld in a 40mm thick rounded creep resistant steel section, with a typical weld time of 
20 to 25 seconds. 
 
Characterization of pre and post weld heat treatment effects on the residual stress 
field of FTSW in creep resistance steel (10crmo910) 
The repair of holes in thick walled steam pipes used in power generation, manufactured from 
creep resistant 10CrMo910 steel predictably require heat treatment.  This work aimed to 
characterise the effects of pre and post weld heat treatment on the triaxial residual stress field 
generated by FTSW.  In order to optimise this repair process there is a requirement for 
research work to be performed to identify optimum heat treatment parameters in order to 
reduce detrimental residual stresses (10).  We therefore require an understanding of the effect 
of the heat treatment processes on the residual stress field of the weld.  This information will 
be used to optimise the process parameters necessary to achieve the required combination of 
mechanical properties and residual stresses.  The main variables governing the FTSW process 
are the rotary speed of the tool and the magnitude of the loading force applied to the tool 
during rotation, which intensifies the frictional contact.  A third parameter namely ‘tool off-
set’ can also be controlled.  This represents the amount of ‘shortening’ the consumable tool 
undergoes during welding, in other words the vertical downwards feed distance of the 
consumable tool after the point that the tool comes into contact with the hole bottom.  Table 1 
shows the typical ranges for these parameters applicable to a specific hole and tool geometry. 
Table 1 – FTSW Variable Process Parameters 
TOOL SPEED (N) TOOL LOADING TOOL OFF-SET 
4200 - 5000rpm 10 - 20kN 10 – 20mm 
 
In this experiment, welds were produced with fixed weld parameters, namely the rotary tool 
speed, tool loading (vertical force) and tool off-set.  The heat treatment processes used was 
aligned with the currently employed processes used in the power generation industry.  For this 
material it is specified that pre-heating is required for thick walled sections and post weld 
annealing is mandatory.  The temperature ranges and processing parameters used for producing 
the samples are given in Table 2. 
 
Table 2 – Process data and Heat Treatment Temperature Ranges 
Weld No. 
Spindle 
Speed 
(RPM) 
Tool 
Pressure 
(Bar) 
Tool 
Force 
(kN) 
Burn-
off 
(mm) 
Holding 
Time 
(s) 
Pre-weld 
Heat 
Treatment 
Post Weld 
Heat 
Treatment 
Comments 
LL08_W01 5000 68 17.775 12.0 18.0 - - - 
ILL08_W02 5000 68 17.775 12.0 18.0 200 -300°C -  20 minutes soak 
LL08_W03 5000 68 17.775 12.0 18.0 
-  
650 - 750°C 
Soak for 2 minutes per 
mm thickness.  Slow 
still air cooled 
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Figure 5: FTSW test coupon for SALSA Neutron Scanning Experiment. 
 
The dimensions of the final friction-processed coupon as shown in Figure 5 were 
approximately 12.5cm x 12.5cm and 6cm thick in the centre.  The high intensity neutron 
source at the ILL, coupled with an automated, precise and fast diffraction instrument such as 
SALSA allow the non-destructive determination of the triaxial residual stress field in these 
samples.  The gauge volume was approximately 2-3mm3 with typical counting times of the 
order of 15min, using a 110 and 211 reflections, wave length of 1.74Å was used.  The 
measurements were carried out on one half of a symmetry plane bisecting the sample using 
neutron count rather than scan time as a measurement control parameter.  Figure 6 shows a 
typical set-up on the Hexapod at SALSA for the scanning of the longitudinal (Hoop Strain) 
direction. 
 
 
Figure 6.  Set-Up for Longitudinal (Hoop Strain) Scanning. 
 
The matrix map in Figure 7 indicates all the points considered for measurement during the 
different scan directions. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Scan matrix for all samples. 
 
3 mm 
10 mm 
17 mm 
35 mm 
20 mm 
25 mm 
31 mm 
5 mm 
10 mm 
15 mm 
20 mm 40 mm 58 mm 
Sample W 03 
Sample W 02 
Sample W 01 
Detector 
Neutron Beam 
Point of 
measurement 
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For the unstrained reference (D0) sample (Figure 8), an identical sample was produced at 
identical parameters and machined into a comb shape on the same half-symmetry plane as 
shown in Figure 8 . D0 scans 3 orientations was performed on both as welded as well as in 
post weld heat treated (720 ºC for 4 minutes) condition. 
 
 
Figure 8. EDM - Do sample prior to heat treatment. 
 
 
Residual Stress Summary 
 
This neutron diffraction experiment was performed at the ILL on the SALSA beamline.  
Energy of the reactor was recorded as 53.4 MWatt and the wavelength used 1.74 Å.  Scans 
were performed across one half from the centre of three FTSW samples to obtain 
representative hoop (longitudinal scan), Axial (transverse scan) and radial (reflection scan) 
strain data which will be correlated to the different heat treatment conditions.  The hoop and 
axial strain scanning was performed along the 110 reflection plane while for the reflection 
strain scanning this was changed to the 211 reflection plane in order to accommodate the 
larger volume material to be penetrated. Extensive D zero measurements were also performed 
on both as welded and heat treated sample. The data will allow predictions to be made for 
particular combinations of heat treatment parameters for a set of FTSW conditions.    
 
Figure 9, 10 and 11 shows the Hoop stress data (Uncorrected for D0) and the strain plot of the 
hoop residual strain distribution across the as-welded, pro heat treatment and post heat treatment 
transverse section of welds made with constant weld parameters but different heat treatment 
conditions.   
 
Figure 9:  Sample W01 – Hoop Stress – As Welded sample. 
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Figure 10:  Sample W02 – Hoop Stress – Pre-Heat Treatment applied. 
 
 
Figure 11:  Sample W03 – Hoop Stress – Post Heat Treatment applied. 
 
A clear difference in the position and appearance of the maximum and minimum values of 
hoop strains can be observed.  Taken in conjunction with the mechanical property, 
metallographic and dynamic performance data, clear insight into heat treatment conditions 
can be extracted.  This data in conjunction with the axial and radial strain data will be 
processes into residual stress maps enabling researchers to produce a series of residual stress 
maps describing the influence of pre and post heat treatment on the welded samples.  Detailed 
knowledge of the residual stress and strain distributions is indispensable in linking the FTSW 
parameters with mechanical properties and fatigue performance. 
 
This data is of high technological significance to advancing performance in many high 
technology applications limited by residual stress and structural integrity interactions.  The 
residual stress data will help to validate FE model predictions of this process, and ultimately 
the work will lead to a better understanding of FSTW and to solid-state welding processes in 
general.   
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Scheduled Date: 08:00 on 11 July 2008 to 08:00 on 15 July 2008 
 
 
 
1. SCIENTIFIC BACKGROUND 
This experiment is a continuation of Experiment: 1-01-8 
scheduled at SALSA from 17/03/2007 to 22/03/2007.  In the 
previous experiment we characterising the triaxial residual 
stress field of three Friction Taper Stud Welds (FTSW) made at 
different parameters.  FTSW is a solid state welding technique 
that involves forcing a rotating consumable tool into a cavity [1-
4].  The resultant generated heat causes a plasticised layer 
which bonds to the bottom of the hole and radially to the 
adjacent hole side.  This is a similar to other friction welding 
techniques such as linear and inertia friction welding.  The thin 
plasticised layer continually forms, shears and welds to 
produce a rising weld metal pillar of fine-grained 
microstructure.  The FTSW process can be used for making 
butt and lap welds, or for repairing cracks or incorrectly drilled 
holes.  The primary benefits of the FTSW being the minimal 
thermal and metallurgical degradation of the base material 
during the process.  Solidification problems such as shrinkage cracking can thus be avoided.  
Figure 1 shows a macrograph of a cross-section taken from a lab FTSW. 
 
 
2. ABSTRACT 
 
A typical application for this process is the repair of holes in thick walled steam pipes used 
in power generation, manufactured from creep resistant 10CrMo910 steel.  These repair 
welds predictably require heat treatment.  This experiment provided data allowing for 
characterising the effects of pre and post weld heat treatment on the triaxial residual stress 
Figure 1: FTSW cross 
section showing typical 
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field generated by FTSW in this creep resistant steel pipe, manufactured from 10CrMo910 
steel.  In order to optimise this repair process this research will enable or contribute to 
identifying optimum heat treatment parameters in order to reduce detrimental residual 
stresses.  This work will therefore be contributing in creating a better understanding of the 
effect of the heat treatment processes parameters on the residual stress field of FTSW’s.   
 
 
3. AIM OF EXPERIMENT 
 
This study proposed to quantify the influence of post and pre heat treatment variables on 
the residual stress induce by FTSW of thick walled 10CrMo910 steel pipes. This is 
undertaken as part of and in the context of a University research project aimed at 
measuring residual stresses using neutrons at the ILL on the SALSA beam line.  
Understanding of how the prescribed heat treatment processes will influence the residual 
stress field of the FTSW weld region will allow for the selecting of process parameters that 
allow for optimised residual stress field and consequence fatigue properties.   
 
 
4. EXPERIMENTAL PROGRAMME 
 
The main variables governing the FTSW process are the rotary speed of the tool and the 
magnitude of the loading force applied to the tool during rotation, which intensifies the 
frictional contact.  A third parameter namely ‘tool off-set’ can also be controlled.  This 
represents the amount of ‘shortening’ the consumable tool undergoes during welding, in other 
words the vertical downwards feed distance of the consumable tool after the point that the tool 
comes into contact with the hole bottom.  Table 1 shows the typical ranges for these 
parameters.  These parameters being applicable to a specific hole and tool geometry. 
 
TOOL SPEED (N) TOOL LOADING TOOL OFF-SET 
4200 - 5000rpm 10 - 20kN 10 – 20mm 
Table 1 – FTSW Variable Process Parameters 
In this experiment, welds were produced with fixed weld parameters, namely the rotary tool 
speed, tool loading (vertical force) and tool off-set. Figure 2 shows a typical test weld coupon. 
 
 
Figure 2: FTSW test coupon for SALSA experiment. 
 
The heat treatment processes used was aligned with the currently employed processes used 
in the power generation industry for weld heat treatments on 10CrMo910 steels which is a 
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heat resistant Martensitic steel manufactured by Hot Isostatic Pressing. The steel has a fine 
grained microstructure ideally suited for diffraction investigation.  For this material it is 
specified that pre-heating is required for thick walled sections and post weld annealing is 
mandatory.  The temperature ranges used for processing the samples are shown in Table 2. 
 
Weld No. 
Spindle 
Speed 
(RPM) 
Tool 
Pressure 
(Bar) 
Tool 
Force 
(kN) 
Burn-
off 
(mm) 
Holding 
Time 
(s) 
Pre-weld 
Heat 
Treatment 
Post Weld 
Heat 
Treatment 
Comments 
FTSW_ILL08_W01 5000 68 17.775 12.0 18.0 - - - 
FTSW_ILL08_W02 5000 68 17.775 12.0 18.0 200 -300°C -  20 minutes soak 
FTSW_ILL08_W03 5000 68 17.775 12.0 18.0 
-  
650 - 750°C 
Soak for 2 minutes 
per mm thickness.  
Slow still air cooled 
Table 2 – Process data and Heat Treatment Temperature Ranges 
 
The dimensions of the final friction-processed component as shown in Figure 2 were 
approximately 12.5cm x 12.5cm and 6cm thick in the centre.  The high intensity neutron 
source at the ILL, coupled with an automated, precise and fast diffraction instrument such as 
SALSA allow the non-destructive determination of the triaxial residual stress field in these 
samples.  The gauge volume was approximately 2-3mm3 with typical counting times of the 
order of 15min, using a 110 and 211 reflections.  The measurements were carried out on one 
half of a symmetry plane bisecting the sample using neutron count rather than scan time as a 
measurement control parameter.  
 
 
5. EXPERIMENTAL SAMPLE SET-UP  (Solid       indicate scan plan) 
 
Longitudinal (Hoop Strain) Scanning: 
 
 
 
Set-Up for Longitudinal (Hoop Strain) Scanning 
Sample W 03 
Sample W 02 
Sample W 01 
Detector 
Neutron Beam 
Point of 
measurement 
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Reflection (Radial Strain) Scanning: 
 
    
  Set -Up for Reflection (Radial Strain) Scanning  
(a) scan 1 from the taper plug side; (b) scan 2 from the rear side. 
 
 
Transverse (Axial Strain) Scanning: 
 
   
Set-Up for Transverse (Axial Strain) Scanning 
 
 
6. EXPERIMENTAL MEASUREMENTS JOURNAL 
 
MACHINE DETAILS 
  
Slit sizes:  1.5mm Vertical 
    3.0mm Horizontal 
 
Energy of reactor: 53.4 MWatt 
 
Wave length:  1.74Å 
 
Calibration File: Salsa_081_13940….. 
 
Reflection plane: 110 - for hoop and axial scanning. 
211 - for radial scanning. (This was done to create a shorter 
path length and increased penetration. 
 
 
a b 
W 03 W 01  W 02 
 W 02  W 03  W 01 
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Matrix Map for Measurement: 
This map indicates all points considered for measurement during the different scan 
directions. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Longitudinal and Reflection Scanning to measure the Hoop and Radial Strains: 
 
Sample:   ILL 08 – W02; ILL 08 – W03; ILL 08 – W01 
Start:    17:31 on 11 July 2008 
Macro file name:  PE_htsample_hr.xbu 
Data start line number: 17508 
 
Sample orientation and alignment: 
 
Z = 0  at the centre of the weld in the centre of the sample 
X = 0 on the centre line of the weld sample at the top surface  
Y = 0 on the centre line of the weld sample at the top surface 
Hoop Strain (Longitudinal Scan) 
 
Reflection plane 110 
 
Start line number: 17508 
 
Start with Sample W02: 
 
Scan matrix: 
 
 For each  
 Z: 0 -5 -10 -15 -20 -40 -58 
Repeat 
 X: 3 10 17 20 25 31 35  
 
3 mm 
10 mm 
17 mm 
35 mm 
20 mm 
25 mm 
31 mm 
0 mm 
5 mm 
10 mm 
15 mm 
20 mm 40 mm 58 mm 
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End line number: 17556 
 
Repeat scan for sample W03 
 
Start line number: 17557 
End line number: 17605 
 
Repeat scan for sample W1 
     
Start line number: 17606 
End line number: 17654 
 
Radial Strain (Reflection) 
Reflection plane 211 
 
Scan matrix: 
 
Scan 1: Plug side of sample 
 For each 
  Z = 0 -5 -10 -20 -40 -58 
repeat 
X = -3 -10 -17 -20 
 
Oder of scan are: W2; W3 and then W1 
Rotate sample through 180 degrees 
 
Scan 2:  rear side of sample 
  For each 
  Z =  0 -5 -10 -20 -40 -58 
  repeat 
X = -25 -31 -35 
 
SCAN 1: PLUG SIDE FOR REFLECTION DATA: Radial Strain 
 
Start with Sample W02: (Plug Side) 
 
Start line number: 17655  
End line number: 17682 
 
Repeat scan for sample W03: (Plug Side) 
 
Start line number: 17683 
End line number: 17710 
 
Repeat scan for sample W01: (Plug Side) 
     
Start line number: 17711 
End line number: 17738 
 
SCAN 2 : REAR SIDE FOR REFLECTION DATA: Radial Strain 
 
Rotate sample through 180 degrees 
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  For each 
  Z =  0 -5 -10 -20 -40 -58 
  repeat 
X = -25 -31 -35 
 
Start with Sample W02: (Rear Side) 
 
Start line number: 17739 
End line number: 17759 
  
Repeat scan for sample W03: (Rear Side) 
 
Start line number: 17760 
End line number: 17780 
 
Repeat scan for sample W01: (Rear Side) 
     
Start line number: 17781 
End line number: 17801 
   
Date and Time scans were completed: 
 
16:00 on 13 July 2008 
 
______________________________________________________________________ 
 
 
Transverse Scanning to measure the Axial Strains: 
 
Sample:   ILL 08 – W02; ILL 08 – W03; ILL 08 – W01 
Start:               on 13 July 2008 
Macro file name:  PE_htsample_a.xbu 
 
Sample orientation and alignment: 
  
Z = 0 – Through the horizontal centre line of all the sample 
Y = 0 - In the centre of the middle sample W2 
X = 0 – On the front edge of the curved section along the centre line of the samples 
 
 
Axial Strain Scanning: 
 
Reflection plane 110 
 
Start with Sample W02: 
 
Scan matrix: 
  
For each  
 Z: 0 -5 -10 -15 -20 -40 -58 
Repeat 
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 X: 3 10 17 20 25 31 35  
 
Start line number: 17802 
 
End line number: 17850 
 
Repeat scan for sample W03 
 
Start line number: 17851  
 
End line number: 17899 
 
Repeat scan for sample W1 
     
Start line number: 17900 
End line number: 17948 
 
 
D zero Strain Scanning: 
 
Reflection plane 110  
Reflection plane 220 
Reflection plane 211 
 
Do scans was performed on an as welded D0 as well as a heat treated (720 ºC for 4 
minutes) D0 sample. The red dotted line indicates were the sample was section before 
heat treatment.  Only one side was heat treated. 
 
 
 
 
2 mm 
10 mm 
17 mm 
20 mm 
24 mm 
0 mm 
3 mm 
 6 mm 
9 mm 
12 mm 58 mm 
3 mm steps 
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Sample: D0 as welded 
 
Scan matrix for as welded D-zero sample 
Scan 1: 
For 
 X: 2 
 Measure at 
Z: 0      3      6      9      12      15      18     21      24      27      30      33      36 
 
 X: 10 20  
 Measure at 
Z: 0     6    12    21    36 
 
Scan 2: 
 X: 10 24 28 
 Measure at 
Z: 0     6    12   15   18   21    36 
 
         0  3   6   9  12 15 18  21 24  27 30 33 36        (mm) 
 
 
Note: Lines at 24 and 28 mm were not recorded correctly due to software limit on 
translator. The data from these scans was a repeat of the 20mm line scan. 
 
Start line number: 17949 
End line number: 18153 
 
Sample: Dzero - As welded and heat treated at 720oC for four minutes. 
Note: Sample was cut before HT - measurements only starting at Z = 3mm. 
 
For 
 X: 2 
 Measure at 
Z: 3      6      9      12      15      18     21      24      27      30      33      36 
 
2 
10 
20 
24 
28 
Appendix E.4 
 
217 
 
 X: 10 20 24 28 
 Measure at 
Z:  3      6    12 15   18   21    36 
  3   6   9  12 15 18  21 24  27 30 33 36        (mm) 
 
 
Note: Lines at 24 and 28 mm were not recorded correctly due to software limit on 
translator. The data from these scans was a repeat of the 20mm line scan. 
 
Start line number: 18154 
End line number: 18353 
 
Table: Summary of Line numbers and scan details for the different scans  
undertaken during this experiment. 
Start Stop Sample Description Plane 
17508 17556 w2 Hoop Stress 110 
17557 17605 w3 Hoop Stress 110 
17606 17654 w1 Hoop Stress 110 
17655 17682 w2 Radial plug side (convex) 211 
17683 17710 w3 Radial plug side (convex) 211 
17711 17738 w1 Radial plug side (convex) 211 
17739 17759 w2 Radial back side (concave) 211 
17760 17780 w3 Radial back side (concave) 211 
17781 17801 w1 Radial back side (concave) 211 
17802 17850 w2 Longitudinal stress 110 
17851 17899 w3 Longitudinal stress 110 
17900 17948 w1 Longitudinal stress 110 
17949 17971 D0 sample Axial  transmission 110 
17972 17994 D0 sample Axial  transmission 211 
17995 18017 D0 sample Hoop  reflection 211 
18018 18040 D0 sample Axial  transmission 220 
18041 18063 D0 sample Hoop  reflection 220 
18064 18081 D0 sample extra Axial  transmission 110 
18082 18099 D0 sample extra Axial  transmission 211 
18100 18117 D0 sample extra Hoop  reflection 211 
18118 18135 D0 sample extra Axial  transmission 220 
18136 18153 D0 sample extra Hoop  reflection 220 
18154 18193 D0 heat treated Axial  transmission 110 
18194 18233 D0 heat treated Axial  transmission 211 
2 
10 
20 
24 
28 
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18234 18273 D0 heat treated Hoop  reflection 211 
18274 18313 D0 heat treated Axial  transmission 220 
18314 18353 D0 heat treated Hoop  reflection 220 
 
 
 
End of experiment time:  15 July 2008 @ 08:00  
 
 
 
7. Summary 
 
This neutron diffraction experiment was performed at the ILL on the SALSA beamline.  
Energy of the reactor was recorded as 53.4 MWatt and the wavelength used 1.74 Å.  
Scans were performed across one half from the centre of three FTSW samples to obtain 
representative hoop (longitudinal scan), Axial (transverse scan) and radial (reflection scan) 
strain data which will be correlated to the different heat treatment conditions.  The hoop 
and axial strain scanning was performed along the 110 reflection plane while for the 
reflection strain scanning this was changed to the 211 reflection plane in order to 
accommodate the larger volume material to be penetrated. Extensive D zero 
measurements were also performed on both as welded and heat treated sample.  
 
The data will allow predictions to be made for particular combinations of heat treatment 
parameters for a set of FTSW conditions.   The strain plots below shows the hoop residual 
strain distribution across the as-welded transverse section of welds made with constant 
weld parameters but different heat treatment conditions.   
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Sample ILL-08 W02 Hoop Strain - Preheat
Distance from Weld Center Line [mm]
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Sample ILL-08 W03 Hoop Strain - Post Weld Heat Treat
Distance from Weld Center Line [mm]
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A clear difference in the position and appearance of the maximum and minimum values of 
hoop strains can be observed.  Taken in conjunction with the mechanical property, 
metallographic and dynamic performance data clear insight into heat treatment conditions 
can be extracted.  This data in conjunction with the axial and radial strain data will be 
processes into residual stress maps enabling researchers to produce a series of residual 
stress maps describing the influence of pre and post heatrtreatment on the welded 
samples.  Detailed knowledge of the residual stress and strain distributions is 
indispensable in linking the FTSW parameters with mechanical properties and fatigue 
performance. 
 
This data is of high technological significance to advancing performance in many high 
technology applications limited by residual stress and structural integrity interactions.  The 
residual stress data will help to validate FE model predictions of this process, and ultimately 
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the work will lead to a better understanding of FSTW and to solid-state welding processes in 
general.  The results will be disseminated via the normal academic routes, and will form part 
of the PHD thesis of one of the experiment investigators. 
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Abstract 
Condition monitoring and life management of components subjected to high temperatures and stresses is very 
relevant to the power industry.  Main steam pipework, control valves, HP turbine rotors and casings fall into this 
description.  Components typically suffer from creep damage towards the end of their useful life and most 
metallurgical surveys, using techniques such as surface replication, generate superficial damage information.  
New developments in core removal and repair by means of friction hydro pillar processing have opened new 
possibilities for managing these high value components.  It is now possible to get creep damage profiles through 
the thickness of the component as well as to perform physical tests on the core sample.  This paper will describe 
the coring process, the validation of the repair technique and residual stress levels, and show the benefit of the 
condition monitoring technique. 
 
Keywords: friction welding, core sampling, residual stress 
 
1. Introduction 
The life monitoring of power stations components is of paramount importance in ensuring 
their safe and cost effective operation.  Failures can have severe consequences and economic 
considerations are also pressuring operators to extend the operating lives of their fossil fuel 
power plants.  To achieve this, regular assessments have to be made of the residual life 
remaining in critical components. 
 
The life expectancy of high temperature and pressure (HTP) components in power stations is 
primarily governed by the steady-state creep rate of the pipe material[1,2].  Component 
remnant life prediction therefore requires knowledge of the in-service creep behaviour and 
condition.  A common in-situ component inspection technique for assessing creep damage in 
steam pipes of South African power plants is by the metallographic surface replication 
technique.  This technique represents a well-accepted on-site method for the condition 
monitoring of creep exposed components and provides a two-dimensional view of the 
microstructure, similar to that observed in a laboratory metallographic specimen[3,4].  
However, the limiting feature of the analysis is that it is of the outer surface only, without 
information on damage within the section.  Ideally a technique should be used that will allow 
creep assessment by depth to fully characterise the creep damage profiles through the wall of 
a component. 
 
This paper will describe a technique developed to retrieve a core sample from a component 
which will allow for creep damage assessment with depth.  It will also describe the use of a 
friction weld technique to perform the repair of the core retrieval site to restore component 
integrity. 
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2. Sample Retrieval 
As the components under investigation are in-service the core retrieval is performed in-situ 
by custom designed equipment with single-axis rotary spindle operation.  A core sample of 
approximately 7mm in diameter is required to be retrieved from a blind hole.  By not fully 
penetrating the wall the possibility of any foreign objects entering the component is avoided 
and the hole base ligament provides a solid backing required to perform the friction repair.  
The depth of the coring operation is dependent on the wall thickness of the component but a 
minimum ligament thickness is required below the hole base to provide support for the 
friction weld.  A tapered hole geometry, shown in Fig.1, was employed which minimised the 
volume of material removal, about the core, while allowing access for core removal. 
 
 
Figure 1 – Typical cored and prepared hole geometry 
 
The core retrieval operation is performed in three stages followed by a hole finishing 
operation which prepares the hole for the friction repair.  Cross-sections views of the stages 
are shown in Fig.2, with Fig.3 showing the corresponding tool required by each stage. 
 
 
Figure 2 – Core retrieval process 
 
The initial coring operation (Stage 1) required the development of a custom designed coring 
tool with a 20° taper.  For the undercutting operation (Stage 2) another custom designed tool 
was developed which is inserted into the hole and rotated around the core.  A cutting insert 
pivots against the base of the core column forming a groove at this position.  This groove 
forms the notch where the core is separated from the base of the hole by manipulation.  Tool 
3 is used to perform the manipulation.  It fits securely over the core column with its end in 
alignment with the groove thereby concentrating load at the groove. 
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Figure 3 – Core retrieval tools 
 
After the core has been removed a standard endmill is used to finish the base of the hole in 
preparation for the friction weld repair operation.  The successful retrieval of the core has 
now provided a sample from which void counts can be taken to assess the level of creep 
damage through the cross-section of the component. 
3. Retrieval Site Repair 
Repair of the sample retrieval site is achieved by the filling of the hole by means of novel 
friction processing technique, namely Friction Hydro Pillar Processing (FHPP)[5,6,7,8].  This is 
a solid state welding process invented and patented by TWI (World Centre for Materials 
Joining Technology) in the UK in the early 1990’s, but which has found limited industrial 
application up to now.  It was developed to either join similar or dissimilar materials, or 
repair surface voids.  The technique involves rotating a consumable rod co-axially in a cavity 
whilst under an applied axial load so as to generate plasticised layers due to the frictional 
heating below the melting point of the material.  The depositing material forms a 
metallurgical bond between the processed tool material and the hole walls.  Due to the lower 
temperatures involved when compared to conventional arc welding, a very narrow heat 
affected zone (HAZ) results thereby limiting the volume of potentially hard and brittle 
microstructure.  The process is ideally suited for automation, which provides excellent weld 
repeatability.  Virtually no fumes are generated, and importantly minimal distortion is 
experienced due to relative lower heat inputs.  The limitations of the process are the fact that 
development of the process for specific applications is still required and from a practical 
point of view employing the process for in-situ hole repair is challenging as dedicated 
equipment is needed that will require further development. 
 
Fig.4 shows a section view of typical FHPP weld before and after completion.  As indicated 
the tool material is thermo-mechanically processed thereby filling the cavity. 
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Figure 4 – Friction hydro pillar processing pre and post weld cross-sections 
 
A FHPP weld is performed, as stated, by rotating a consumable tool in co-axial alignment 
with a hole.  Axial force is applied to the tool during rotation which results in frictional heat 
being generated at the rubbing interface between the tool face and the base of the hole.  If a 
parallel tool-hole geometry is used a small clearance must be present between the tool and 
hole sides which prevents seizing of the tool.  In the case of a tapered tool and hole 
arrangement, as used here, the hole taper must be larger than the tool taper in order to 
maintain a clearance.  When the required axial downward travel (upset) for complete hole fill 
is reached, the rotation is halted and an axial forge force is applied to consolidate the weld.  
Fig.5 shows these stages, as well as a completed test weld coupon. 
 
 
Figure 5 – Friction hydro pillar processing stages 
 
In Fig.6 a graph shows a plot of the typical process parameters during a FHPP weld of the 
hole geometry shown in Fig.1 when applied to a commonly used creep resistant steel as used 
in the power generation industry (type 21/4Cr-1Mo). 
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Figure 6 –Plot of process parameters for FHPP 
 
4. Equipment Description 
Existing friction welding (FRW) welding equipment is generally bulky workshop based 
equipment and is unsuitable for on-site work due to its size and weight.  Therefore 
development of dedicated equipment is required to enable specific application of the FHPP 
process within a power plant environment.  For development of the coring and repair process 
steam pipework was initially identified for application.  This required the design and 
development of equipment that could be positioned and secured in-situ to large diameter, 
thick walled pipes.  These pipes are typically 370mm in diameter with a wall thickness of 
40mm. 
 
The in-situ requirement obviously required that the equipment be portable for operation for 
sampling on pipework at locations throughout a power generation facility.  Fig.7 shows the 
modular arrangement of the equipment that was developed in its assembled state (left) and 
the disassembled modules. 
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Figure 7 – PFWP equipment modular layout 
 
The modular arrangement of the Portable Friction Welding Platform (PFWP) facilitates ease 
of transport, positioning and mounting.  There are 3 modules that form the assembled 
equipment; the frame, spindle and drive motor modules.  Total weigh of the equipment is 
135kg with the heaviest module, the frame, weighing 53kg.  Two roller chain slings are used 
to secure the frame to a pipe after which the spindle and then the drive motor are secured in 
position to the frame.  A synchronous belt drive system is used to transmit the drive from the 
servomotor to the spindle, with two hydraulic cylinders actuating the spindle along the 
rotation axis.  The maximum rotation speed of the spindle is 6000rpm with a maximum axial 
loading of 6 ton. 
 
Once the equipment has been positioned and secured the electrical, hydraulic and control 
connections from the remote power and control unit are connected and the equipment is then 
ready for operation.  The required operating parameters are programmed to the control unit 
and operation can commence.  The equipment was designed to perform both the coring and 
FHPP processes which ensures the concentricity of the FHPP tool to the sample retrieval 
hole. 
 
 
Figure 8 – PFWP mounted for process development trials 
 
The equipment has been extensively tested, firstly in a process development rig, shown in 
Fig.8.  The coring and FHPP operations were developed on this rig which incorporates a 
loadcell for monitoring tool axial force and transmitted torque.  Weld trials have been 
completed with a weld procedure specification compiled for application of the process to 
grade 10CrMo9-10 steel. 
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Figure 9 – Typical tapered FHPP weld cross-section 
 
Fig.9 shows the macrograph of a tapered geometry FHPP from the weld trials showing 
complete bonding has been achieved. 
 
 
Figure 10 – PFWP secured to pipe for testing 
 
At the completion of the weld trials a test rig, shown in Fig.10, making use of an actual pipe 
section, was used for final verification of the coring and FHPP procedures.  Cored holes and 
competed FHPP welds can be seen on the pipe section. 
 
The combined core retrieval and FHPP repair procedures has now been termed the 
Weldcore™ procedure.  The procedure has now been successfully implemented in industry, 
having retrieved core samples and repaired the retrieval holes on a turbine rotor.  The creep 
assessment of the samples provided sufficient data to allow for the decision to return the 
turbine rotor to service, resulting in a considerable cost saving by extending the component 
safe service life. 
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5. Residual Stress Assessment of FHPP Welds 
The aim of this investigation[9] was to assess what effect the pre-heating and PWHT 
processes have on the residual stress distribution of the FHPP process.  For this investigation 
three FHPP weld coupons were produced with identical process parameters from type 21/4Cr-
1Mo steel.  One coupon was left as-welded (welded at room temperature with no PWHT), 
another was welded after preheating to 250°C (no PWHT), and the final coupon was welded 
at room temperature followed by an annealing PWHT process for the material.  Process 
details are given in Table 1. 
Table 1:  Process Data and Heat Treatment Temperature Ranges for RS coupons. 
 
Weld 
No. 
Spindle 
Speed 
(RPM) 
Tool 
Force 
(kN) 
Consumable 
length 
(mm) 
Forge 
Time 
(s) 
Pre-weld 
Heat 
Treatment 
Post Weld 
Heat 
Treatment 
Comments 
W01 5000 17.775 12.0 18.0 - - - 
W02 5000 17.775 12.0 18.0 200 -300°C - 20 minutes soak 
W03 5000 17.775 12.0 18.0 - 650 - 750°C 80 minute soak. Slow still air cooling 
 
 
Residual stress measurements were achieved by neutron diffraction scanning, with the 
experiment being performed at the Institut Laue-Langevin (ILL), Grenoble France on the 
SALSA beam line.   Scans were performed across one half of the coupons from the weld axis 
centre to obtain representative stress data.  The hoop and axial strain scanning was performed 
using 110 reflection planes while radial strain scanning utilised lower angle 211 reflection 
planes in order to reduce path length through the steel.  Extensive d0 measurements were 
made on as-welded and heat treated samples for ensuring accurate stress calculations.  The 
complete set of hoop, axial and radial stress data enables compilation of residual stress maps 
describing the influence of pre and post weld heat treatment on the FHPP samples.  This 
detailed knowledge linked to the FHPP process parameters and mechanical properties, such 
as fatigue performance, is invaluable to ensure successful implementation of this novel 
technique.  Considering only the hoop stress for the three conditions, illustrated in Figure 11, 
a clear difference in the position and appearance of the maximum and minimum values can 
be observed.  The point of interest from an industrial application point is the maximum 
tensile stress value of approximately 250MPa recorded in the PWHT sample (Figure 11), 
17mm from the top surface, 10mm away from the weld centre line. 
Considering the stress data in conjunction with mechanical properties, metallographic and 
dynamic performance data, clear insight into the effect of the heat treatment conditions can 
be obtained.  The results of the experiment clearly indicated the necessity for preheating and 
PWHT of the weld with the reduced residual stress state of the completed weld.  As expected 
the application of PWHT in particular has a significant influence and should form part of the 
process specification. 
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Figure 11 – Residual Stress data for  As Welded, Pre Heated and Post Weld Heat Treated samples 
Note: Stress amplitude scales are not normalised so that detail after PWHT can be seen 
 
6. Conclusions 
This work has effectively achieved its intended objective of producing an implementable 
procedure for the retrieval of a sample for creep damage assessment, followed by an 
alternative procedure for the repair of the retrieval site.  The overall procedure has been 
termed the Weldcore™ procedure.  Figure 12 gives a graphical depiction by cross-
sectional views of the 5 stages required by the procedure to retrieve creep sample and 
then repair the hole left by the sample retrieval operation. 
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Figure 12 - Overview of the WeldcoreTM process 
 
Further development of the FHPP repair procedure has subsequently provided a weld 
procedure specification for implementation to HTP components made of type 21/4Cr-1Mo 
steel. 
 
The technological significance of the residual stress work is high in terms of optimising 
performance for high technology applications of this novel welding process.  The residual 
stress data will assist in validating FE model predictions of the FHPP process and ultimately 
the work will lead to a wider application of such solid-state welding processes in general. 
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